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Silicon photonics refers to the discipline of applying microelectronics 
integrated circuit fabrication technologies to make silicon-based photonic integrated 
circuits on a silicon-based material platform. Silicon photonic integrated circuits are 
fabricated using complementary metal-oxide-semiconductor (CMOS)-like fabrication 
processes and have potential for integration with silicon-based electronic devices. 
Because of these advantages, silicon photonics provides a promising approach for a 
number of applications including active optical cables, signal processing, distribution 
of radio-frequency signals over optical fibers and optical transceivers for optical 
telecommunications. 
Optical modulators are a crucial element for optical communications. They 
transfer the electrical signal to the optical carrier. Although recent publications have 
been reported with silicon-based optical modulators operating as fast as 40 Gb/s, this 
remains a scope to optimize the modulator performance in terms of its linearity, 
footprint, electrical bandwidth and extinction ratio. 
In this thesis, silicon modulators using free-carrier plasma dispersion effect are 
described. The design, fabrication and characterization of the silicon modulators are 
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carried out. Optical structure of Mach-Zehnder interferometer (MZI) based, microring 
resonators and microring resonator-coupled MZI based are investigated. Both 
modulation mechanisms of carrier injection-based on p-i-n diodes and carrier 
depletion-based on p-n diodes are implemented to the devices. In order to investigate 
the potential applications of silicon modulators in radio-over-fiber optical links, the 
linearity of the depletion-based silicon modulators was analyzed. An experiment of 
signal transmission in analog optical links by a silicon modulator is described. In 
order to improve the modulation efficiency, insertion loss and fabrication tolerance, a 
novel vertical-junction p-n diode design is proposed and fabricated. In order to 
enhance the electrical bandwidth and extinction ratio of the modulator, the T-rail 
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Chapter 1: Introduction 
1.1 Photonic Integrated Circuits 
Photonic integrated circuit (PIC) is a device that integrates multiple photonic 
functions, which is analogous to an electronic integrated circuit (IC) in 
microelectronic industry. The major difference between a PIC and an electronic IC is 
that a PIC provides functionality on optical signals rather than electrical signals in an 
electronic IC. PIC integrates various discrete optical devices such as the lasers, 
amplifiers, photodctectors, optical modulators, optical filters etc., while electronic IC 
primary integrates millions to billions of transistors in a tiny chip. Table 1.1 shows the 
technology comparison between photonic (including PIC) and microelectronic 
industry. 
Table 1.1 Comparison between photonic and microelectronic industry 
j Photonic components Electronic IC 
None 
Repeatable building blocks (laser, photodetector, Transistors 
modulator, filter, etc.) 
None 
Dominant material platforms ,, „ „ . , � . 丄 � Silicon 
(InP, GaAs, polymer, Si, etc.) 
. ^ . None 
D o画 a n t m誦 f a c t u n n g (丨恤丨^’ .monolithic, active, CMOS， 
processes . � 
passive, etc.) 
卞complementary metal-oxide-semiconductor 
In current photonic industry, a variety of materials have been employed in 
‘ each commercial discrete device: indium phosphide (InP) as a substrate for the lasers 
emitting in 1550 nm, lithium niobate (LiNbOs) for optical modulators, silica for 
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optical fiber, silica-on-silicon for passive devices etc. Table 1.2 shows the summary 
on materials of different discrete photonic devices. 
Table 1.2 Summary on materials of various discrete photonic devices 
I Passive 
Lasers Detectors Modulators Amplifiers , . 
devices 
III V Dominant Dominant Available Dominant Available 
semiconductors 
Lithium niobate Dominant Available 
Polymers Available Available 
Silica-on- . , , 
Available 
silicon 
Libium doped Available Dominant Available 
materials 
From table 1.2, most of the materials used in commercial discrete photonic 
devices are not compatible to achieve other functionalities. For example, lithium 
niobate is superb for making optical modulators, however, it is not capable for making 
the lasers. On the other hand, even the III-V semiconductors fulfill all the required 
functions, the fabrication processes of making different components are different, and 
it results in big challenges of integration. Due to these limitations, the development of 
PIC over the last 20 years was relatively slow compare with electronic IC industry. So 
it is commonly accepted that the development and implementation of photonics will 
be strongly enhanced if the industrial model of electronic IC can be applied to PIC [1], 
as microelectronic industry already has a dominant material platform and standardized 
fabrication process. 
Figure 1.1.1 shows the schematics of a PIC on a polymer platform by hybrid 
integration [2]. This tunable optical transmitter contains at least seven different 
materials for different functions include the laser, an external tunable cavity, an 
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isolator and a modulator. This polymer-based PIC was fabricated by a hybrid 
fabrication process. Although it provided a lower fabrication cost and better 
functionality than discrete components, a PIC fabricated by monolithic process would 
provide even better functionality and lower cost. 
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Fig. 1.1.1 A tunable optical transmitter integrated in a hybrid polymer optical bench platform 
[2] 
In the early 2000s some convergence appeared to use InP as the substrate 
material for monolithic PIC. Figure 1.1.2 shows the historical trend and timeline for 
monolithic, photonic integration on InP [3]. The PIC on InP started in 1980s, with the 
integration of electronic devices with laser diodes and photodetectors as so-called 
optoelectronic ICs (OEICs). The famous three-section tunable distributed Bragg 
reflector (DBR) laser were introduced in late 1980s. Later on the electroabsorption 
modulator (EAM) integrated to a distributed feedback (DFB) laser was also 
demonstrated. More components started to be integrated into the InP-based PIC 
including the semiconductor optical amplifier (SOA) and arrayed waveguide grating 
(AWG). Recently [3], the research team in University of California, Santa Barbara 
(UCSB) reported an 8 x 8 monolithic tunable router with about 200 components in 
one PIC chip. It is no doubt that InP-based PIC platform is an ideal candidate for 
telecommunications usage in 1.3-1.6 |im wavelength. However, it has certain 
3 
limitations, which not only limit the development of PICs, but also become a 
roadblock of photonic industry. 
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Fig. 1.1.2 Historical trend and timeline for monolithic, photonic integration on InP [3]. The 
vertical axis represents the number of photonic components to be integrated. 
Other material platforms such as silica have also been widely used as different 
photonic functional devices such as AWG for wavelength division multiplexing 
(WDM) applications. Since 2000 [1], another material platform - silicon-on-insulator 
(SOI) has attracted lots of attention on its potential as a substrate for PIC because of 
low cost and high-density integration. The details on PIC developed on SOI and 
related research field, called silicon photonics, will be discussed in section 1.2. 
Unlike in electronic IC, where silicon is a dominant material accounting for 
over 95% of the whole market of semiconductor chips [1], today's PICs use a variety 
of materials such as silica (on silicon substrates), Ill-V-based semiconductor materials 
4 
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such as gallium arsenide (GaAs) and indium phosphide (InP), polymers, lithium 
niobate and SOI. Different materials have different advantages and limitations on the 
functions to be integrated. For example, the InP platform enable monolithic 
integration of the lasers, modulators, photodetectors and other passive components. 
However, the relatively high fabrication cost limits the potential usage of these 
devices in telecommunications and computer interconnect regime. Table 1.3 lists the 
comparison among various PIC material platforms (modified from [4]). 
Table 1.3 Comparison among various PIC material platforms 
CMOS- Integration � . ” 
Cost , . . Primary Usage 
compatible density 
III-V ” • , T^ o - u Integrated W D M 
High No High . 
semiconductors transceiver 
、， T Passive devices (e.g. 
Silica-on-silicon Low Yes Low au,广、 
AWCj) 
Modulators and 
Polymers Low N o Low hybrid integration 
platforms 
, High speed 
Extreme 1 v 
Lithium niobate No Low modulators (for 
advanced formats) 
Silicon-oil- , v . Low-cost optical 
Low Yes High . 
insulator (SOI) interconnects 
InP-based PICs dominant today's market in high-end optical communications 
systems. However, there are suggestions [1, 5-7] that photonics can be further 
employed in computing systems as interconnects to solve the existing signal latency 
^ problems in microelectronic industry. The scale of optical interconnects decrease 
from rack-to-rack, computer-to-computer, board-to-board (inside computer), chip-to-
chip and finally on-chip interconnects. When the scale of optical interconnect 
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decreases, the number of required interconnects exponentially increases. Therefore, 
cost becomes a primary concern in interconnect applications. The secondary concern 
is the compatibility with existing electronic platform if the on-chip interconnects is to 
be achieved. 
For the first concern, InP based PIC does not fulfill as the wafer and 
fabrication costs are inevitably high. For the second concern, as mentioned above, 
silicon dominates the microelectronic industry of over 95% of the whole market. 
Although III-V semiconductors are compatible for electronic device integration in 
PICs，to integrate with existing electronic ICs is still a big challenge. To solve these 
problems and to achieve an eventual success of on-chip interconnects, recent research 
pay more attention on silicon-based PIC. The related field - silicon photonics, is not 
only aiming to provide functional devices for communications system, but also the 
potential as optical interconnects. The history and current research progress of silicon 
photonics are discussed in next section. 
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1.2 Silicon Photonics 
Although the field of integrated optics (the technology used in PIC) has been 
established in 1969 [8], the proposed use of silicon as a photonic material platform for 
telecommunications wavelengths in 1.3-1.6 fim started 16 years later by Soref in 1985 
[9-10]. During that time, silicon has already dominated microelectronic industry. 
Silicon based photonics devices like charged-coupled device (CCD) image sensors 
were commercially available too. The reasons of why silicon cannot be the photonic 
material in telecommunications wavelengths were due to three basic physical 
limitations: 
1) silicon is an indirect-bandgap semiconductor thus lacks of efficient light 
sources 
2) silicon has a bandgap of 1.12 eV thus it does not detect light in 
telecommunications wavelengths 
3) silicon is a centro-symmetric crystal thus it does not exhibit linear electro-
optic (Pockels) effect 
For the first point, indirect bandgap of silicon indicates that the radiative 
recombination of electrons and holes across the bandgap is weak, resulting in 
extremely low internal quantum efficiency in bulk silicon (10"^), Consequently, 
silicon lacks of efficient LEDs or electrically pumped lasers. It has been a serious 
deficiency of using silicon as a PIC platform since, without light sources, a complete 
suite of photonic components is not available for monolithic on-chip integration. 
To discuss the second point, the fact that silicon is transparent above 1.1 |,im is 
like a paradox. Because silicon is transparent in telecommunications wavelengths 
(1.3-1.6 pm) means that silicon can be used as low-loss optical waveguides. The 
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major difference of silicon compared with InP platform is that InP-based PIC has 
capability of bandgap engineering by changing the composition of III-V alloys. 
Silicon-based platform dose not have this capability so it does not provide the 
functions of wave-guiding and detection on the same wafer. 
For the third point, silicon does not exhibit Pockels effect - a traditional means 
of achieving modulation of refractive index in a waveguide-based device. It prohibits 
the usage of silicon as an electro-optical modulator. Although thermal tuning in 
silicon is available, the speed is limited to IMHz [6] so it is not suitable for high-
speed modulation. Silicon needs another way to achieve refractive index modulation 
in order to provide functions on high-speed active tuning. 
Because of the above reasons, the research effort in photonic devices on 
silicon was only modest after the initial work of Soref. There were work on the 
passive components, photodetectors by complementary metal-oxide-semiconductor 
(CMOS) compatible materials and modulators by carrier effect in silicon [11] (details 
will be discussed in section 1.4). 
Besides the deficiency of using silicon as a photonic material in 
telecommunications wavelengths, silicon has several major advantages which include 
the mature fabrication technology on silicon by the microelectronic industry (CMOS 
fabrication process started to dominate in 1990s) and availability of making low-loss 
passive devices. 
Optoelectronic IC (OEIC) to integrate the electronic and photonic components 
in the same platform becomes a huge advantage of silicon. As silicon already 
» 
dominates the microelectronic industry, the development of photonic devices in 
silicon could enhance both the performance and cost efficiently by the concept of 
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OEIC. Figure 1.2.1 shows the related concept, a silicon-based OEIC "superchip" 
proposed by Soref in 1993 [12]. 
optical 
directional ajn._er 
laser diode cal 
integral . 
V-groove phcMcd 丨 ode 
Fig. 1.2.1 Silicon-based optoelectronic IC (OEIC) "superchip" proposed by Soref in 1993 [12] 
In year 2000, the manufacturing technologies of SOI became mature. A 
commercially available high-quality SOI wafers for photonic usage provide another 
advantages for silicon photonics — high integration density. This becomes a catalyst of 
research in silicon-based photonic devices. 
Consequently, the research on photonic devices on silicon increased rapidly 
after year 2000. The explosion of research efforts led to a stand-alone research field — 
silicon photonics. The driving force of silicon photonics at that time was mainly by 
the development of high-volume OEIC and commercial PICs in SOI platform. The 
field is still full of momentum today and many of the fundamental physical limitations 
in silicon have been solved by tremendous research efforts over the past 20 years. 
In order to provide a light source on silicon PIC, integrating a III-V 
semiconductor laser to the silicon PIC chip by hybrid fabrication method is one of the 
> 
promising solutions [14]. Although the hybrid method may potentially lead to higher 
complexity and fabrication costs, the integration of III-V semiconductor lasers to 
9 
silicon PIC is still a good approach to realize a complete suite of PIC in silicon in 
current circumstances. 
It is feasible for the silicon PIC to detect the light signal in 1.3-1.6 |im by 
using an integrated germanium (Ge) or silicon-germanium (SiGe) photo detector [15]. 
The advantage of using Ge or SiGe is fully compatible with CMOS process. The 
state-of-the-art performance of Ge photodetector modules on silicon substrates is 
largely compatible with III-V semiconductor-based photodetectors [6]. 
The refractive index of silicon can be modulated by adding or subtracting the 
number of free-carriers. The corresponding effect — free-carrier plasma dispersion 
effect [11] becomes a major modulation mechanism in silicon. By optimizing the 
electrical and photonic structures, one can attain above 10 Gb/s modulation by all-
silicon-based optical modulators [16]. 
Figure 1.2.2 shows the overview of Luxtera's silicon PIC in 2005 [16]. The 
PIC was fabricated by a CMOS-compatible fabrication process for the all-silicon 
modulators, Ge photodetectors, passive photonic devices and electronic circuits. A 
light source was made by flip-chip bonding techniques of III-V semiconductor lasers 
emitting in 1.55 |Jin. This silicon PIC consequently was re-packaged as active optical 
cables to provide low-cost optical interconnects in computing centers and data centers. 
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Fig. 1.2.2 Overview o f L u x t e r a ' s silicon PIC in 2005 [16] 
As cost is a big advantage of silicon photonics against III-V semiconductor 
based photonics, in the followings detailed descriptions of manufacturing cost will be 
discussed. 
The manufacturing costs of PIC are determined by three factors: (a) the cost of 
substrate per area, (b) the cost of fabrication processes on the substrate per area and (c) 
the integration densities of the functional PIC chips. Thus, the total manufacturing 
cost per each functional PIC chip can be represented as: total cost = (((a) + (b)) x (c)). 
We need to minimize the substrate and fabrication costs and maximize the integration 
densities of the devices layout in order to get the minimum costs of the PIC chips. 
However, the cost of substrates is determined by the commercial market. It is 
well-known that silicon wafers is much cheaper than III-V semiconductor wafers as 
the microelectronic industry is dominant by silicon. 
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Table 1.4 lists the comparison of wafer costs of various kinds of 
semiconductor wafers. The largest available wafer sizes in both R&D and commercial 
markets are also listed. 
Table 1.4 Comparison between various costs of semiconductor wafers 
. . u , f • � i , •r . Substrate costs 
Wafer sizes Water sizes Wafer costs 2 
(R&D) (commercial) (USD) 
Silicon (Si) 450 mm 300 mm 150 0.0015 
Silicon-on- 4 5 0 mm [17] 300 mm 1200 0.012 
insulator (SOI) 
, I n d 圓 150 mm 100 mm 450 0.045 
phosphide (InP) 
Gal l iy^ 200 mm 150 mm 450 0.02 
arsenide (GaAs) 
The substrate cost per area for SOI wafers is half of GaAs wafers and one-
third of InP wafers. In addition, the fabrication cost in SOI is also cheaper than in III-
V by the mature CMOS fabrication process and well-developed facilities. For point 
(c), in order to maximize the integration density, the primary limitation is on the 
refractive index of core and cladding of optical waveguides. Fundamental waveguide 
principle shows that the higher refractive index difference between the core and 
cladding (An) would enable higher confinement of optical mode in the core region, 
finally enables smaller size of optical waveguides and smaller bending radius. The 
smaller size and bending radius allow a higher integration density, thus the integration 
density of a PIC is accessed by the ratio of An/11. 
Table 1.5 shows the comparison among SOI and III-V semiconductor 
> 
including InP and GaAs [2]. � 
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Table 1.5 Comparison among SOI and III-V semiconductor PIC platform 
Wavelength Refractive a , , � , � T / 0 coef. 
( — I index n Band gap An/n (%) drVdT(K-') 
Silicon-on-insulator ；： 3.5 indirect 60 1.86x 10"^  
( ⑷ 1) 
Indium phosphide ^ ^ ^ 0.8x10"^ 
( I n ^ 
Gallium arsenide _ _ _ . 八，， …， 
, � 0.8 3.4 Direct 0-14 2.5 x 10^ 
(GaAs) 
Due to the large refractive index difference between Si (3.5) and the cladding 
silicon dioxide Si02 (1.5), the An/n of the SOI PIC platform can be as high as 60%, 
which is significantly higher than in InP (3% (channel)) and GaAs (14% (rib)). 
Today's single-mode optical waveguides in SOI platform has a typical dimension of 
500 nm width and 220 nm height. This sub-micron ‘nanowire，waveguide provides 
ultrahigh integration density compared with III-V semiconductors. 
From the above analysis, SOI platform provides all the cost advantages than 
III-V semiconductor platforms in substrate costs, fabrication costs and integration 
density. The cost advantages of SOI platform is thus a great advantage of silicon 
photonics to accomplish the goals of optical interconnects. 
Finally, figure 1.2.3 summarizes the advantages, physical properties, 
disadvantages, and related solutions in the field of silicon photonics. 
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Fig. 1.2.3 Summary of advantages and limitations in silicon photonics. 
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1.3 Optical Modulators 
The optical modulator is a crucial element for optical interconnects and optical 
communications. Optical modulators are used to transfer the electrical information to 
the optical wave propagating either in an optical waveguide or in free space. Figure 
1.3.1 shows the schematic of the operation of an optical modulator. 
m 
Electrical data = 
—I p-^  1—1 mz 
Input continuous wave 1' -丨 Output modulated 
optical s ignals | | optical signal K 
j O p t i c a l M o d u l a t o r I U l i i M l l i | j > 
i i 
Fig. 1.3.1 Schematic of the operation of an optical modulator 
Optical wave has various fundamental characteristics that can be modulated to . 
carry the information. Equation 1.3.1 shows the general expression of an optical wave: 
E =如 K ⑴ ( 1 . 3 . 1 ) 
where E is the electric field, A is the amplitude, co is the angular frequency, t is time, p 
is the propagation constant and z is the distance in the travelling direction of the wave. 
From equation 1.3.1, the amplitude A, frequency co and phase term (cot — jiz) 
can be modulated to vary the characteristics of the wave. Hence, the related 
modulation schemes are called amplitude modulation (AM), frequency modulation 
(FM) and phase modulation (PM). In digital communications, they correspond to 
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amplitude shift keying (ASK), frequency shift keying (FSK) and phase shift keying 
(PSK). Due to the advantage of simplicity of envelope photodetection in the receiver 
side, amplitude modulation (on-off keying (OOK)) has been widely employed in 
optical communications systems. Recently, the use of phase modulation has started in 
optical communications. The variant format — differential phase shift keying (DPSK) 
[18] in optical communications provides an advantage of 3dB lower optical signal-to-
noise ratio (OSNR) than OOK to reach a given bit-error ratio (BER). An external 
modulator is needed in DPSK or other phase modulation schemes because direct 
modulation of laser source cannot achieve such function. 
Optical carrier can be either diiectly modulated in the laser diode or externally 
modulated by an optical modulator. Direct modulation scheme has been deployed into 
the system in the beginning age of optical communication due to its simple 
architecture and modest bandwidth requirement at that time. But the increasing 
demands on the modulation bandwidth and signal performance finally lead to the use 
of external optical modulator in today's long-haul optical communications networks. 
The major advantages of external modulation over direct modulation includes: 
(1) higher electrical bandwidth (speed), (2) larger extinction ratio and (3) better signal 
performance (low chirp). 
However, a special type of laser diodes — vertical-cavity surface-emitting laser 
(VCSEL), which enables low fabrication cost, has been used in the short range optical 
networks. It is possibly because commercial optical modulators are targeted for long-
haul usage and are relatively expensive. But once the costs on optical modulators can 
" be scaled down (for example, by silicon photonics), the use of external modulators 
has additional advantages over VCSELs. First, the optical source can be more 
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inexpensive and stable than VCSELs due to the looser requirement on high-speed 
modulation. Second, a single WDM light source can be used as an input light source 
modulated by several modulators on a single chip, resulting in an increase of total 
bandwidth. 
Table 1.6 gives the comparison between direct modulation of laser sources and 
external modulation. 
Table 1.6 Comparison between the direct modulation of laser sources and external 
modulation 
Direct modulation External modulation 
^ , . o. , , Complex with addition 
System complexity Simple and compact 
component 
Cost Low High 
Modulation speed < 20 Gb/s (VCSEL) [19] > 100 Gb/s [20] 
Extinction ratio Low High 
Low chirp (in push-pull 
Signal performance High chirp configuration of a MZI 
modulator) 
Optical sources become ^ , … , , . 
• .…， , Feasible of phase modulation 
^ more expensive if high-speed , , , . 
Comments: , (for advanced modulation 
VCSbLs are used in the ^ � 
formats) 
system 
Today, optical modulators become an essential and crucial element in the 
whole communications system as it determines the highest speed supported by each 
single channel (single wavelength). For example, in a dense wavelength-division 
multiplexing (DWDM) system with 40 channels, an improvement on speed of optical 
‘ modulators from 10 Gb/s to 40Gb/s will finally increase the total bandwidth to 1.6 
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Tb/s in a single fiber. This explains the importance of high-performance of optical 
modulators in the development of optical communications networks. 
Beside the application in optical communications systems, optical modulators 
also play a key role in the optical interconnects applications. In addition to providing 
high data-rate interconnections, optical modulators are also feasible to provide on-
chip clock signal distribution. 
From table 1.2, there are several materials that are capable for making 
modulators. Lithium niobate, EO polymers and III-V semiconductors based optical 
modulators have an electrical bandwidth of over 40GHz and are commercially 
available. However, the modulation mechanisms used in silicon modulators is 
different from all of the mentioned materials above. The detailed discussion on silicon 
modulators will be shown on next section. 
> 
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1.4 Modulation Mechanisms in Silicon 
As discussed in section 1.2, it is commonly accepted that silicon does not 
provide Pockels effect due to its centro-symmetric lattice structure. We first give the 
general modulation mechanisms, then introduce the current mechanism that has been 
used in silicon. 
There are two broad categories of modulation — electro-refraction and electro 
absorption. The change in the real part of the refractive index (n) with an applied 
electric field is known as electro-refraction. Similarly, the change in the imaginary 
part (k) of the refractive index with an applied electric field is considered as electro-
absorption. It is well-known that the real and imaginary part of the refractive index 
are related by the Kramers-Kronig dispersion relations [21]. 
The electro-refraction based modulations are mainly based on Pockels effect 
and Kerr effect. Pockels effect is a second-order optical nonlinear effect, the refractive 
index changes linearly with the applied electric field. It also called linear electro-optic 
(LEO) effect. Kerr effect is a third-order optical nonlinear effect, where the change of 
refractive index is directly proportional to the square of the applied electric field. 
The electro-absorption-based modulations are mainly based on Franz-Keldysh 
effect and quantum-confined Stark effect (QCSE) [22]. Franz-Keldysh effect occurs 
in bulk semiconductors. QCSE occurs in thin quantum-well structures (-10 nm). Both 
effects shift and broaden the band-edge absorption of the semiconductor under the 
applied electric field. 
In order to study the electro-optical effects in silicon, Soref in 1987 did a 
numerical Kramers-Kronig analysis to predict the refractive-index changes produced 
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in crystalline silicon by the applied electric field or by charge carriers [11]. The 
analysis shows that for the electro-refraction caused by Franz-Keldysh effect, an 
applied electric field of 10^ V/cm results in a refractive index change (An) of 1.3x10"^ 
at wavelength of 1.07 [xm. On the same field strength (E=10^ V/cm), the Kerr effect 
gives An of 10" .^ The results indicate that bulk crystalline silicon does not exhibit the 
major electro-optic effects we mentioned above (QCSE only for quantum well 
structures). However, silicon as a semiconductor exhibits an additional electro-optic 
effect — free-carrier plasma dispersion effect. An effect caused by injecting or 
depleting free carriers into the semiconductor. Soref s analysis showed that a 
1 o 0 o 
depletion or injection of 10 carriers/cm produce a An of ± 1.5 x 10" at wavelength 
of 1.3 |im and An of 士 2.1 x 10"^  at wavelength of 1.55 \im. 
Soref calculated the refractive index changes by free-carrier plasma dispersion 
effect from the Kramers-Kronig relation [23]. The empirical relations of changes of 
refractive index (An) and absorption coefficient (Aa) in silicon at wavelength of 1.55 
|am are shown as follows: 
An = Arig + An^ = - 8 . 8 x 1 0一 2 2 x AN^ 一 8.5 x 10—18 x (AiV")o-8 (I.4.I) 
Aa = Loce + Aa" = 8.5 x x A/V^  + 6.0 x x AiV" (1.4.2) 
where ANe is the free-electron concentration, ANh is the free-hole concentration, Arte is 
the change of refractive index resulting from the change of free-electron concentration, 
Arih is the change of refractive index resulting from the change of free-hole 
concentration, A ae is the change of absorption coefficient (with unit of /cm) resulting 
, from change of free electron concentration, A ah is the change of absorption 
coefficient resulting from the change of free-hole concentration. 
20 
To theoretically describe the free-carrier plasma dispersion effect in 
semiconductor, the Dmde model has been used, which regards the free-charge-
carriers as harmonic oscillators [68]. The formula for free-carriers-induced refraction 
and absorption change are [68]: 
An = + AA/Jm*^] (1.4.3) 
Aa = + A/VJmJ^V/x] (1.4.4) 
where e is the electronic charge, sq is the permittivity of free space, n is the refractive 
index, m*cc is the conductivity effective mass of electrons, m*ch is the conductivity 
effective mass of holes, i^ c is the electron mobility and |ih is the hole mobility. 
From Soref s analysis carrier effect is the most efficient electro-optic effect in 
silicon. Free-carrier effect becomes a major stream on the research of silicon 
modulator for more than two decades until now. However, the first breakthrough of 
silicon modulators was only published in 2004 by A. Liu from Intel Corporation [24]. 
A. Liu at al. experimentally demonstrated the first GHz-speed silicon modulator. They 
used an electrical structure of metal-oxide-semiconductor (MOS) capacitor to achieve 
the free carrier effect by carrier accumulation around the waveguide core region. The 
optical structure of the device is based on Mach-Zehnder interferometer (MZI). The 
cross sectional schematic of their device is depicted in Figure. 1.4.1 [24]. 
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Fig. 1.4.1 Schematic diagram showing the cross-sectional view of a MOS capacitor 
waveguide phase shifter using ‘silicon-on-insulator’ technology. The n-type doped crystalline 
silicon layer thickness is - 1 . 4 |Lim, and the p-type doped polysilicon thickness at the centre of 
waveguide is - 0 . 9 jim. The gate oxide thickness is 120 人.The polysilicon rib and the gate 
oxide widths are both � 2 . 5 jam. The n-type silicon has an active doping concentration of 
� 1 . 7 x 10*6 cm-3 and the p-type poly-silicon has an active doping concentration o f -Sx lO"" cm"'\ 
These doping concentrations were chosen to produce a modulation speed of the phase shifter 
of above 1 GHz, as the speed of the device depends on silicon and polysilicon resistance. A 
surface doping density of IxlO^^ cm"^ was designed to minimize the metal-semiconductor 
contact resistance. [24] 
The second breakthrough on silicon modulators is a GHz-speed ring resonator 
by Q. Xu et al. from Cornell University [25]. Q. Xu et al. experimentally 
demonstrated a micrometer-scale silicon modulator by a resonator-based optical 
structure. They used an electrical structure of p-i-n diode to achieve the free-carrier 
effect by carrier-injection into the waveguide core region. The optical structure of the 
device is based on a microring resonator. The modulation thus obtained by shifting 
the high-Q resonance wavelengths under the applied electric field. The top-view and 
cross sectional schematics of the device are depicted in figure. 1.4.2 [25]. This work 
demonstrated the feasibility of ultra-small-footprint optical modulators on silicon, 
‘ 2 2 
which arouses the desire of on-chip interconnects. In 2007, Q. Xu et al. increased the 
modulation speed of similar structure to 12.5 Gb/s by using a pre-emphasis circuit 
[26]. 
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Fig. 1.4.2 Schematic layout of the ring resonator-based modulator. The inset shows the cross-
section of the ring. R，radius of ring. Vp, voltage applied on the modulator. [25] 
The third milestone of research on free-carrier-effect-based silicon modulators 
was a 30 Gb/s carrier-depletion-based modulator demonstrated by A. Liu et al. from 
Intel Corporation [27]. A. Liu et al. experimental demonstrated the first 30 Gb/s 
silicon modulator due to the intrinsic fast carrier response in the reverse-bias of a p-n 
diode. They used the electrical structure of a p-n junction to achieve the free-carrier 
effect by depleting the free-carriers inside the core of waveguide under reverse-bias 
voltage. A travelling-wave electrode (TWE) design is used to enhance the bandwidth 
of the modulator. The 3-dB roll off bandwidth is 20 GHz while the digital data 
transmission can be up to 30 Gb/s. The cross sectional schematic is depicted in figure 
1.4.3 [27]. Further improvement on a similar design by Intel showed a 40 Gb/s data 





Fig. 1.4.3 Cross-sectional view of a pn junction waveguide phase shifter in silicon-on-
insulator. The coplanar waveguide electrode has a signal metal width of � 6 fim and a signal-
ground metal separation of � 3 |im. The metal thickness is ~1.5 jim. The high-frequency 
characteristic impedance of the travelling wave electrode is ~20Q. [27] 
During the last few years, researches on carrier-effect-based silicon 
modulators continue. Various structures have been proposed and demonstrated to 
optimize the figure of merits. However, the fundamental operation principles of these 
devices are similar to those demonstrated by A Liu et al. and Q. Xu et al.'s work 
mentioned above. Table 1.7 lists a summary on the experimental demonstrations of 
free-carrier-effect-based silicon modulators since 2004. 
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Table 1.7 State-of-the-art of silicon modulators based on plasma effect 
Optical Electrical Speed ER^ Insertion V^ L^ (Vcm) Optical 
structure structure (Gb/s) (dB) loss (dB) / Footprint BW* 
“ , , I  MOS capacitor, I “ 
A. Liu et al. . . , 16 , . . � � , 
[241 (2004) MZI earner 1 15.3 8 Vcm -
accumulation 
Q. Xu et al. Microring pin diode, carrier , _ 15 _ _ , _2 i 
. . . 1.5 … n � 0.5 10 urn 0.1 nm 
[25] (2005) resonator injection (DC) ” 
C. Gunn …， pn diode, carrier , . _ 
MZI 1U J - - -
[16] (2005) depletion 
^e二ou Microdisk pin diode, carrier 0.5 7 23 
[66] (2006) resonator injection GHz (DC) -. 
A.Liueta j . pn diode，carrier ^ 5.4 4 Vcm >75 
[27] (2007) depletion nm 
W. Green pin diode, carrier 1 � 
et al. MZI injection with pre- 10 12 0.036 Vcm -
[29] (2007) emphasis 
A V ‘ , . pin diode, carrier 
Q. Xu et al. Microring . . . . . 1 � ： _ „ ^ ,-2 2 ^ 1 ，， i ,AA� b injection with pre- 12.5 9 0.5 10^  um^ 0.1 nm 
[26 (2007) resonator ， . 
emphasis 
S. Spector � . 
ctal. MZI pn diode, carrier � . . 5.3 Vcm -
[30] (2008) depletion ^ 
D. Marris- . . , , . ^ 
Morinietal. MZI pipm diode， M 5 5 >30 
[31] (2008) earner depletion ^ ^ 
M. Watts u . , , o 
, Microdisk pn diode, carrier 8 , ^ 9 « , 
et al. , . 10 1.5 20 0.1 nm 
r 1 … … resonator depletion (DC) 
[32] (2008) ^ � ) 
P. Dong . , 
etal. Micronng pn diode, earner � 8 2 lO^m^ 0.1 nm 
[33] (2009) resonator depletion 
D.D'Andrea MOS capacitor, 
ctal. MZI carrier 二 ？ 9 - 0.2 Vcm -
[34] (2009) accumulation �� 
M. Watts , �� 
ctal. MZI pn diode, earner ^^ >10 ^ ^ i Vcm " ' ' 
[35] (2010) depletion ^ ^ 
卞extinction ration; *band width; 
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Several modulation mechanisms other than free-carrier effect have been 
developed in silicon photonics in recent years including the QCSE effect in SiGe/Si 
multiple quantum wells (MQWs) [36], Franz-Keldysh effect in SiGe [37] and by 
hybrid III-V electro-optic effect [38, 39]. Table 1.8 lists the summary on the state of 
the art of optical modulators on silicon other than free-carrier effect. 
Table 1.8 State-of-the-art of optical modulators on silicon other than free-carrier 
effect 
Optical Modulation Speed ER^ Insertion V„L (Vcm) Optical 
structure Mechanism (Gb/s) (dB) loss (dB) / Footprint BW* 
2Q nfYi 
J. Rothetal QCSE in ^ ^ p c d � 
[40] (2007) t EAM siGe/SiMQW _ 7.3 - - forER> 
= = E A M L2 丨。 3 . ,4 nm 
[37] (2007) effect in SiGe GHz 
H. Chen et al � E O effect in _ , , , , „ , , , , 
r … … ， 1 � MZI , … … 40 11.4 3 0.24 Vcm > 100 nm 
[38] (2011) hybrid InP 
Y. Tang et al p … EA effect in ^^ … ^ s 2 ，。 
丨 .，。二 11� EAM , , . , , o 50 9.8 3 10' 30 nm 
[39] (2011) hybrid InP 广 
I I . I 
tNon-waveguide based device, operate at 1.46 [im; ^extinction ration; *band width; 
Compared to these modulation mechanisms, silicon modulators based on free-
carrier effect provide advantages of simple fabrication processes, wavelength 
insensitivity and fully CMOS-compatibility. 
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1.5 Motivation 
The first part of our work is to investigate the possible uses of silicon-based 
modulators in the analog optical links. Silicon photonics provide the advantages of 
low cost and CMOS-compatible of silicon-based PIC. Also, the performance of state-
of-the-art silicon based modulators (as shown in table 1.7) is capable in commercial 
use with moderate requirements. The silicon-based modulators thus have potential in 
analog optical systems, in which the photonic component cost is the roadblock for 
system upgrade. However, in analog optical links, an additional figure-of-merit 
becomes important - linearity. Because of that we need to first analyze the linearity of 
silicon-based modulator, which has not been reported before. We focus on depletion-
type modulators as it gives the optimal balance between simple fabrication process 
and high-speed among available modulation mechanisms. We describe modeling on 
various optical structures and diode structures. We also demonstrate an experiment on 
data transmission in an analog optical link using the silicon-based modulator. 
The second part of our work is aimed at optimizing the design of silicon 
depletion-based modulators in order to solve the existing engineering problems. There 
are two sections in the modulator design crucial to the performance - (1) diode design 
and (2) electrode design. The novel diode designs could improve the modulation 
efficiency, insertion loss and fabrication tolerance of the modulator. The travelling 
wave electrode (TWE) design could cancel the resistance-capacitance (RC) time limit 
of the modulator and achieve the velocity matching. TWE design is aimed at 
maximizing the speed of the modulator as speed of modulator is limited by RC time 
limit rather than the carrier transit time limit. We describe detailed design principles 
of diode and electrode designs. Finally, we describe a device fabrication and 
experiment. 
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1.6 Thesis Outline 
The thesis is organized as follows: Chapter 2 presents the study on linearity of 
silicon depletion-based modulators. We study the linearity of various optical and 
diode structures. We also experimentally demonstrate a radio-over-fiber (ROF) signal 
transmission by using a silicon injection based ring modulator. Chapter 3 presents the 
design, fabrication and characterization of a novel diode structure on a carrier 
depletion-based silicon modulator. The proposed design simultaneously provides high 
fabrication tolerance, high modulation efficiency and low loss. Chapter 3 also 
presents the design principle of the T-rail capacitance loaded travelling-wave 
electrode. The travelling wave electrode provides the function of characteristic 
impedance matching and group velocities matching. Therefore, a higher electrical 
bandwidth can be achieved. Chapter 4 concludes the thesis and suggests the 
continuing work in the near future. 
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Chapter 2: Use of Silicon-based Modulators in Radio-over-fiber 
Optical Links 
We introduce the advantages of silicon photonics over conventional PIC 
platform in the introduction chapter. The low-cost and CMOS-compatible silicon-
based PIC platform already enable applications in optical interconnects and optical 
communications. Except those applications, we envision the silicon-based PICs are 
also of interest in analog optical signal transmission. 
Radio-over-fiber (ROF) is a type of analog optical links; It offers the 
advantages of simpler maintenance, lower operational costs and smaller size than by 
distributing the radio signals via optical fibers to remote antenna units (RAU). It is 
used for multiple purposes such as cable television (CATV) signal distribution and 
antenna remoting [41]. 
A key component for high-performance transparent ROF systems is the optical 
modulator. In addition to the conventional figure-of-merits of modulators such as 
speed, extinction ratio and insertion loss, modulators used in ROF system should also 
provide good linearity. There are previous work on linear optical modulators for ROF 
including two-stage Mach-Zehnder Interferometer (MZI) [42], linearized directional 
couplers [43]，combination of MZI and directional couplers [44] and ring 
rcsonator(s)-assisted MZIs [45,46]. However, these structures used the materials with 
linear electro-optic effect (LEO) and the analyses are not applicable to silicon-based 
modulators which are based on free-carrier effect as refractive index is changed non-
linearly with the applied voltage in free-carrier effect. 
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Although silicon MZI-based modulators have been proposed for analog 
optical links [30], the linearity of silicon-based modulators have not been analyzed yet 
(at the time we started our work). So in order to investigate the possible applications 
of silicon modulators in analog optical links, we are required to first analyze its 
linearity. We focus on depletion-type modulators since which give the advantages on 
simple fabrication process and high-speed operation compared to other modulation 
mechanisms. 
In this chapter we present the study on linearity of silicon depletion-based 
modulators and experimental demonstration of the analog optical signal transmission 
through silicon modulators. Section 2.1 studies the linearity on various optical 
structures of carrier depletion-based silicon modulators. Section 2.2 presents the 
studies of linearity on various diode structures of carrier depletion-based silicon 
modulators. Section 2.3 describes the experiment of ROF signal transmission by 
silicon injection-based ring modulators. Finally, section 2.4 summarizes the chapter. 
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2.1 Modeling of Linearity of Silicon Carrier Depletion-based Modulators 
In this section，the linearity of carrier depletion-based modulators on various 
optical structures is analyzed. We consider several types of modulator designs 
including conventional MZI and ring(s)-assisted MZI while the diode structure is 
assumed to be the same in these structures. The wavelength of operation is assumed to 
be 1.55 畔 in this section. 
The silicon depletion-based modulator considered in this section is based on a 
lateral p+-i-p-i-n+ diode structure under reverse bias operation for free-holes depletion 
modulation [31]. We choose p+-i-p-i-n+ diode instead of p+-i-n-i-n+ diode because the 
refractive index changed by free-holes is larger than that of free-electrons for the 
same carrier concentration change below 8x10^^ cm"^ (equation 1.4.1). Also, the 
absorption loss due to free-holes is lower than that due to free-electrons (equation 
1.4.2). In our design the fabrication process is simpler than normally four ion 
implantation steps are reduced into two steps. 
Figure 2.1.1 shows the cross-sectional schematics of the optical waveguide, 
numerically simulated optical transverse-electric (TE) mode (electric field polarized 
parallel to the substrate) field distribution (by beam-propagation method) and p+-i-p-i-
n+ diode. The waveguide is formed on a 220 nm thick silicon-on-insulator (SOI) 
wafer. The waveguide is 220 nm high and 500 nm wide with a slab region of 50 nm 
thick for the p+ and n+ doping to form the metal contacts. The p+ and n+ doped regions 
are separated from the waveguide sidewalls with a spacing of around 0.5 [im. The 
carrier concentrations for the n+ and p+ slab regions are 2x10^° cm'^ and Ix io '^ cm'^. 
The waveguide region has a Gaussian-distribution doping profile with a peak p-
doping concentration of around cm'^. The proposed modulator structures are 
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designed to be fabricated by the oversea shared-wafer foundry service at LETI, 
France through ePIXfab [47]. By considering the fabrication constrain given by the 
design rules from LETI, the p-doping width of 120 nm is employed in order to 
achieve a moderate p-doping concentration and low absorption loss. In order to 
achieve the largest effective refractive index change, the p-doping region is positioned 
towards the p+ slab region with a displacement of 180 nm from the waveguide center 
so that the free-holes' depletion could overlap the most effectively with the optical 
mode filed distribution. 
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Fig. 2.1.1 (top) Cross-sectional schematic of the waveguide and the TE optical mode field 
distribution, (down) Cross-sectional schematic of the p十-i-p-i-n十 diode 
The application of a reverse-bias will remove holes from the p-doped region 
inside the waveguide. By using the commercial semiconductor simulation software 
and combining the free-carrier effect and mode distribution, we are able to find out 
the effective index changes and absorption coefficient changes upon various biases. 
Various diode parameters such as doping concentration and position of p-doped 
region have been optimized to give the balance between modulation efficiency and 
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loss. The detailed methodology of simulation is described in Appendix D. 
Figure 2.1.2 shows the calculated effective refractive index changes and 
absorption coefficient changes. Effective refractive index describes the phase velocity 
of the light travelling in waveguide and is analogous to refractive index n in a 
material. At 5V reverse-bias, the refractive index change An is around 1.5 xlO"'^ . Thus 
a 5.2 mm long phase shifter is required to achieve 兀 phase change in one arm drive 
MZI. This corresponds to a V丄 of 2.6 Vcm. W^L is defined as the product of required 
phase shifter length L and applied voltage V in order to achieve complete modulation 
in MZI. The value of V^ L^ is governed by the amount of An under applied voltage V 
as required phase shifter length L=X</2An for single-arm drive MZI modulator (the 
value of L is half in push-pull MZI modulator). V^L also described the modulation 
efficiency as the modulation efficiency of a modulator is higher when the value of 
VttL is smaller (An is higher). The calculated values here are compatible with state-of-
the-art modulator results with a potentially lower fabrication costs. The loss 
coefficient at thermal equilibrium is around 2.8 cm\ with 5.2 mm long arm, the 
insertion loss due to the free-carrier absorption is around 6.3 dB. We assume that both 
arms are being implanted with dopants but modulation only in one arm. The effective 
index change against voltage is clearly a nonlinear response, which re-emphasizes the 
need of analysis on linearity of silicon modulators here. 
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Fig. 2.1.2 Calculated effective refractive index and absorption coefficient changes as a 
function of drive reverse-bias voltage. 
Figure 2.1.3 shows the modulators' configurations discussed in this section. 
They are MZI, single-ring-assisted MZI (RAMZI) and two-ring-assisted MZI 
(2RAMZI). RAMZI and 2RAMZI have been previously found to enhance the 
linearity of conventional linear electro-optic effect (LEO) modulators [45, 46]. A 
specified transmission coefficient(s) T of the ring resonator used to give a specified 
phase response. The phase response of the ring(s) thus linearizes the transfer function 
of the MZI structure. However, the applicability of RAMZI and 2RAMZI to silicon 
carrier-depletion modulators has not yet been studied. Furthermore, the limiting 
optical bandwidth and strict requirement on coupling coefficient become a big 
limitation in the particular employment of ring(s)-assisted MZI structures. However, 
these optical structures are good to be used in the theoretical analysis to see the 
various impacts by the carrier effect on linearity. 
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Fig. 2.1.3 Schematics of the configurations of ring(s)-assisted MZI and conventional MZI-
based modulator structures. 
The required optical phase changes in order to achieve complete modulation 
are different for different modulator designs. For instance, k phase change is needed 
in single-arm-drive MZI, while 47r/3 phase change is required in RAMZI [45] and 
value of phase change is depending on coupling coefficients in 2RAMZI [46]. 
The wavelength of the optical signal is set to be 1550 nm. We assume only 
one arm of the MZI is modulated in the MZI structure and one arm of the MZI is 
coupled to the modulated ring(s) in RAMZI and 2RAMZI structures. We also assume 
the rings have the same radius in the 2RAMZL The modulator lengths were selected 
to give the required phase change (兀 for MZI) assuming a 5 V peak-to-peak 
modulation voltage Vpp and a reverse-bias Vbias of 2.5 V. 
The transfer function of MZI modulator is given by: 
7 i « 0 二 ^ = I (1 + (2.1.1) 
where (|) is the phase difference between two arms of the MZI. 
The phase term (|) is related to refractive index change An and phase shifter 
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length L in the MZI as: 
0 (2.1.2) 
A 
In LEO-based modulators, An is changed linearly with applied voltage V. We 
set the phase shifter length L to give the n phase change when Vpp = 5 V and Vbias = 
2.5 V, the phase term 伞 is related to applied voltage V as: 
(2.1.3) 
In the absence of loss in the ring resonator(s), the transfer function of ring(s)-
assisted MZI is given by [46]: 
r ( 0 ) = ^ = i ( l + sin [ G m ) (2.1.4) 
‘in z 
where 0 is the microring round-trip phase, and G(6) is the phase transfer function of 
the ring resonator(s): 
r ( 7 n - t -nn- l (l-Ti2)(2T2sin0-sin20) ] (2 1 
(HfcU - t a n + COS + COS 29} (丄丄〕^ 
where ti is the transmission coefficient of the first coupled ring resonator, X2 is the 
transmission coefficient of the second coupled ring resonator. In order to linearize the 
transfer function, xi is set to be 0.268 and T2 is 1 (i.e. light does not coupled to the 
second ring) in RAMZI, while t i is 0.3 and 12 is 0.21 in 2RAMZI [45,46]. 
The phase term 6 is related to refractive index change An and phase shifter 
length R in the ring(s)-assisted MZI as: 
e =^AnR (2.1.6) 
'A 
36 
We set the phase shifter length R to give the 4兀/3 required phase change in 
RAMZI and 0.5771 required phase change in 2RAMZI when Vpp = 5 V and Vbias = 2.5 
V，the phase term 6 is related to applied voltage V as: 
( ^ ^ ^ ^ (for RAMZI) 
n - ] 3 2.5 、乂 (2 1 1\ 
0 等 2 . S ) ^ • • ^ � 2.5 
By solving equation 2.1.1 and 2.1.3, we can obtain the transfer function of 
LEO-based MZI modulator with applied voltage. Similarly, by solving equation 2.1.4, 
2.1.5 and 2.1.7, we can obtain the transfer functions of LEO-based RAMZI and 
2RAMZI modulators with applied voltage. Figure 2.1.4 shows the calculated transfer 
functions of the LEO-based modulators. The modulator optical structures include 
MZI and ring(s)-assisted MZI. 
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Fig. 2.1.4 Calculated transfer functions of the LEO-based modulator employing MZI and 
ring(s)-assisted MZI optical structures at a voltage bias of 2.5V. 
From figure 2.1.4, the transfer functions of RAMZI and 2RAMZI are different 
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from the sine wave response of MZI, with a more linear slope compared with MZI. 
There is a conventional figure-of-merit used to measure the linearity of the transfer 
function - spurious-free dynamic range (SFDR) [41]. By definition, SFDR is equal to 
the signal-to-noise ratio (SNR) when the power of intermodulation (IMD) product 
meets the noise level. We thus evaluate the SFDR of these modulator structures by 
employing the two-tone input frequencies and analyze the fundamental harmonic and 
3rd order intermodulation IMD) at the output product. 
In order to investigate the linearity of different modulators here, the two-tone 
signals with frequency fi = 1 GHz and f! = 1.2 GHz were applied as input to the 
transfer functions. From the Fourier Transform of the modulated output signal we 
obtain the IMD signal at 0.8 GHz and fundamental signal at 1 GHz. Where the 
noise floor of the system is set to be -163 dBm in the simulations, which is a common 
value that has been used in similar work [45, 46]. The noise power is dominated by 
both the relative intensity noise of the laser and shot noise [67]. 
Figure 2.1.5 shows the calculated output RF power versus the input RF power 
in LEO based modulators for all optical structures. 
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Fig. 2.1.5 Calculated RF output signal power and IMD power of LEO-based modulators as 
a function of RF input signal power. 
The LEO MZI-based modulator gives a SFDR of 110.8 dB while the RAMZI-
based modulator gives a SFDR of 130.4 dB in our calculation. The LEO 2RAMZI-
based modulator gives a lower SFDR than RAMZI because of a ripple-like response 
in around -15 dBm drive input power. The response is supposed to be due to the 
numerical rounding error in the program in such small drive signals. The results here 
are matched with the published theoretical results in [45, 46], which shows our 
methodology and numerical program are feasible to calculate accurate SFDRs from 
the transfer functions. 
In silicon depletion-based modulators, An is changed non-linearly with applied 
voltage V (as shown in figure 2.1.2). The non-linear change of An means the phase 
change against voltage in silicon depletion-based modulators is different from 
equation 2.1.3 and 2.1.7. We first set the length of phase shifters in all optical 
structures to provide the required phase change in Vpp of 5 V and Vbias of 2.5 V. We 
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numerically combine the function of An change with applied voltage in figure 2.1.2 
with equation 2.1.1 and 2.1.2 to obtain the transfer function of silicon depletion-based 
MZI modulator. Similarly, we numerically combine the function of An change with 
applied voltage with equation 2.1.4, 2.1.5 and 2.1.6 to obtain the transfer functions of 
silicon depletion based RAMZI and 2RAMZI modulators. Figure 2.1.6 shows the 
calculated transfer functions of the silicon depletion-based modulators. The modulator 
optical structures include MZI and ring(s) assisted MZI. 
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Fig. 2.1.6 Calculated transfer functions of the silicon depletion-based modulators based on 
MZI and ring(s) assisted MZI at a voltage bias of 2.5V. 
Since the free-carrier effect in silicon depletion based modulators give 
nonlinear responses of refractive index change against applied voltage as shown in 
figure 2.1.2. The result of nonlinear responses is that the transfer functions in silicon-
based modulator are different to LEO-based modulator for all optical structures. For 
example, the transfer function of silicon based MZI modulator is not a sine wave 
function. From figure 2.1.6, the variation of transmission is larger in small drive 
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voltage and smaller in large drive voltage, which is due to the approximately square-
root like dependence of refractive index changes against applied voltage (as shown in 
figure 2.1.2). 
Figure 2.1.7 shows the calculated output RF power versus the input RP power 
of a LEO based MZI modulator and a silicon carrier depletion-based MZI modulator. 
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Fig. 2.1.7 Calculated RF output signal power and IMD power of both LEO- and silicon-
based MZI modulators as a function of RF input signal power. The modulators are reverse-
biased at 2.5V. From the simulation results, the SFDR of the silicon based MZI have 4.6 dB 
improvement from the LEO-based MZI. 
From figure 2.1.7, the silicon-based MZI modulator has a 4.6 dB improvement 
in SFDR compared to the conventional LEO based MZI modulator. We attribute this 
improvement to the nonlinear response of refractive index change with voltage which 
actually helps linearize the MZI response. 
Because of the nonlinear responses of refractive index changes against applied 
voltage, we also evaluate the SFDR of silicon-based modulators in various bias 
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voltages. Figure 2.1.8 shows the calculated output RF power versus the input RF 
power of silicon carrier depletion-based modulators including MZI and 2RAMZI at 
7.5 V reverse bias voltage. For clarity we only show the SFDR of the 2RAMZI as the 
linearity of the RAMZI and the 2RAMZI were found to be quite similar [45, 46]. 
201 I 1 I I I 1 I I I 
0 - -
2 � 
40 • Fundamental signals / / _ 
芒 SFDR = 118.2dB / 
I - 6 0 - \ i IMD3o f2RAM2 l / “ 
I -SO - ^ ^ ^ ^ ^ I I / \ •• 
^ ^：^：^ SFDR = 111.1 dB / / 
- 100 l M D 3 o f M Z I , / -
° -120 • i i / / . 
-140- 丨 / f / / . 
160 “ ， ^ _ 
-80 -70 -60 -50 -40 -30 -20 -10 0 10 20 
RF dr ive p o w e r (dBm) 
Fig. 2.1.8 Calculated RF output signal power and IMD power of the silicon-based MZI 
and 2RAMZI modulators as a function of RF input signal power. The modulators are reverse 
biased at 7.5V. 
Comparing the results in figure 2.1.7 and figure 2.1.8, the SFDR of the silicon 
depletion-based MZI modulator is decreased from 115.4 dB to 111.1 dB when the 
bias voltage is increased from 2.5 V to 7.5 V. It is because of the response of 
refractive index changes against applied voltage becomes linear when the bias voltage 
increases from 2.5 V to 7.5 V. Figure 2.1.8 also shows the calculated SFDR of the 
2RAMZI is around 118.2 dB at 7.5 V. The value is more than 10 dB lower than the 
SFDR of ring(s)-assisted MZI in LEO-based modulators. This means the nonlinear 
response of refractive index change in silicon depletion-based modulator degraded the 
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performance of the linearized transfer function in ring(s) assisted MZI structures. 
Figure 2.1.9 shows the calculated values of SFDR in LEO MZI, silicon MZI 
and 2RAMZI modulators among various bias voltages. The bias voltages are ranged 
from 2.5V to 12.5 V. 
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Fig. 2.1.9 Calculated SFDR of the silicon based MZI and 2RAMZI with various bias 
voltages. 
From figure 2.1.9, the SFDR of silicon-based MZI modulator decreases as the 
bias voltage increases. In contrast, the SFDR of silicon-based 2RAMZI modulator 
increases as the bias voltage increases. In silicon-based MZI, the SFDR approaches 
the value in LEO-based MZI at the bias voltage of around 10 V. In silicon-based 
2RAMZI, the SFDR increases to above 120 dB at the bias voltage of around 12 V, 
which approaches the value of SFDR in LEO-based 2RAMZI (130 dB). This matches 
the response of refractive index change against voltage in depletion-based modulators 
as higher drive voltage gives a linear response. ‘ 
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One may suggest that the phase response in the ring(s)-assisted MZI structure 
may also be able to be used to cancel the nonlinear response due the free-carrier 
effect. However, the tight fabrication tolerances required for the more complicated 
ring(s)-assisted MZI structures make them difficult to be achieved in practice. While 
silicon-based MZI modulators provide more relaxed fabrication requirements and 
simpler structure, with better linearity at a low bias voltage. 
The results in this section suggest that the nonlinear response of refractive 
index change with voltage actually helps linearize the MZI transfer function while it 
degrades the linearity of the linearized modulators. Silicon depletion-based MZI 
modulators have higher linearity over LEO-based MZI modulators at a low bias 
voltage. With lower cost and CMOS-compatibility, the silicon depletion-based MZI 
modulator would be a potential candidate in the use of analog optical links. 
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2.2 Modeling: of Dependence of Linearity on Various Diode Structures 
From section 2.1, we show the linearity of silicon depletion based modulator 
in MZI structure can be improved by the nonlinear response of free carrier effect. 
When we published the results in [48], there were also reports that the linearity of 
silicon depletion-based modulators can be improved by tuning the bias voltage [49] 
and by changing the phase shifter length [50] in MZI-based structure. 
However, these proposed methods are based on a unique diode design. As the 
diode design plays the key role in the depletion-based modulator, it determines the 
modulation efficiency (described by Vj^ L or An) and insertion loss. In terms of 
linearity, different diode designs are supposed to give different nonlinear responses of 
refractive index change against voltage, which results in different transfer functions 
and linearity. 
In this section, we theoretically analyze the linearity of silicon depletion-based 
modulators on a host of diode designs. An optimum diode design is proposed to 
linearize the transfer function of the silicon modulator. The wavelength of operation is 
assumed to be 1.55 pm in this section. 
Here we investigate several horizontal p+-p-(i)-n-n+ diode structure designs for 
the conventional MZI-based modulator structure. Figure 2.2.1 shows the cross-
sectional schematics of the optical waveguide, optical TE mode field distribution and 
p+-p-(i)-n-ii+ diode. The waveguide width is 500 nm, height is 340 nm while slab 
thickness is 140 nm. The waveguide dimension used here is defined by considering a 
simple single-etching fabrication step of waveguides and efficient grating couplers on 
a 340nm thick SOI wafer. The optical waveguide can support multi mode propagation, 
however, the grating couplers can act as the mode filters to excite only the 
45 
fundamental mode in the waveguide. The p+- and n+- doped regions are separated 
from the waveguide sidewalls with a spacing of around 500 nm. The doping 
concentrations for the p+ and n+ slab region are around 1x10^^ cm"^. The moderately 
1 Q O 
doped p and n concentrations are around 2x10 cm" in order to achieve an efficient 
amount of depleted carriers in about 5 V. 
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Fig. 2.2.1 (top) Cross sectional schematic of the waveguide and TE mode field distribution, 
(down) Cross sectional schematic of the p+-p-(i)-n-n+ diode 
In figure 2.2.1, XI and X2 are defined by the distance from the center of 
waveguide to the moderately doped region. In our analysis, seven diode designs are 
defined by changing the doping windows of p and n implantation process and 
implantation doses. The diode structures are simulated by the commercial 
semiconductor process simulation software Athena by Silvaco [51]. The dopant used 
for p-doped ion implantation is boron, while the dopant used for n-doped region ion 
implantation is phosphorus. For all the designs, the ion implantation dosage for p+ is 
3x1015 /cm^, energy is 20 keV, and tilt angle is 7°. While the ion implantation dosage 
for n十 is 2x10^^ /cm:, energy is 40 keV, and tilt angle is 7°. After the steps 'of ion 
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implantation, a thermal annealing of 1000 °C for 30 minutes has been performed for 
all the designs. The oxide via and metal electrodes are defined after the annealing. 
The processes in the simulation are supposed to be the same as the processes used in 
actual fabrication in order to compare the simulation results and experimental results 
of the fabricated devices. Table 2.1 lists the parameters used in the simulations for 
various diode designs. The parameters include doping windows (XI, X2), ion 
implantation dose and energy. The tilt angle in the implantation processes is 7°. 
Table 2.1 Simulation parameters of various silicon depletion-based modulator 
designs 
D e 一 I 一 ) I P ( 二 e | 二 g e P 口 y | 了 
A 0.00 0.00 5 X 10i3 2 X I0i3 50 75 
B -0.15 0.15 5 X 10'^ 2 X 10'^ 50 75 
C -0.05 0.05 5 X 10i3 2 x lo'^ 50 75 
D -0.10 0.10 5 X I0i3 2 x 1 0 � 50 75 
E -0.20 -0.10 5 X 10i3 2 x 1013 50 75 
F -0 .20 0.00 5 X I0i3 2 x 1 0 1 3 50 75 
G -0.20 0.00 8 X 10*3 2 x 50 75 
The parameters used in our simulations are based on an efficient diode design 
A. In the initial simulation it gives a refractive index change of around 2 xlO'"^ at 5 V 
reverse-bias drive voltage. The modulation efficiency here is optimized by the ion 
implantation energy and dose in a fixed optical waveguide structure and annealing 
process. Designs B-F are the variants of design A. They have different doping 
windows (XI, X2) from design A. Design G has a larger p dose than design F as other 
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parameters remain the same. In the depletion-based modulation of p+-p-(i)-n-ii+ 
diodes, the application of a reverse-bias remove free-carriers from the depletion 
region inside the waveguide. By using the commercial semiconductor simulation 
software Atlas, by Silvaco [51] and combining the free-carrier effect and mode 
distribution, we are able to find out the effective index changes and absorption 
coefficient changes upon various biases. Again, the detailed methodology of 
simulation is described in Appendix D. 
Figure 2.2.2 shows the calculated effective index changes as a function of 
drive reverse-bias voltage for diode designs A-G. We observe that all the refractive 
index change responses behave square-root-like dependence of drive voltage. At 5V 
reverse bias voltage, diode design A gives the highest refractive index change of 
around 2 x 10"’ corresponding to a V^L of 2.2 Vcm. 
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Fig. 2.2.2 Calculated effective refractive index changes as a function of drive voltage for 
diode designs A-G. Inset shows the plot of square of refractive index changes as a function of 




Figure 2.2.3 shows the calculated absorption coefficient changes as a function 
of drive reverse-bias voltage for diodes A-G. The absorption coefficients range from 
around 1 /cm to 3 /cm at thermal equilibrium. As diode designs A-F are with the same 
doping concentration, less than few hundred nanometer variation of doping windows 
gives a loss coefficient variation of more than 100%. The results indicate the 
Imbrication tolerance of this design in practice is quite strict. Because of this limitation, 
we are finding a novel diode design to increase the robustness of fabrication tolerance, 
which will be discussed in chapter 3. However, in our theoretical analysis here, the 
various diode designs are aimed to give the comparisons on the linearity. The fact of 
poor fabrication tolerance does not affect our analytical results, but it gives the 
challenges on the experimental verification. 
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Fig. 2.2.3 Calculated absorption coefficient changes as a function of drive voltage for diode 
designs A-G. 
The required modulator lengths are derived to satisfy the 兀 phase change by 
assuming a 5 V peak-to-peak modulation voltage with a bias voltage of 2.5 V. We 
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assume only one arm of the MZI is modulated but diodes are embedded in both arms 
of the MZI. The insertion loss due to the free-carrier absorption is calculated by 
multiplying the loss coefficient at 2.5V bias and the required length. The wavelength 
of the optical signal is 1550 nm. 
Using the similar methodology in section 2.1, we combine the calculated 
refractive index change in figure 2.2.2 with equation 2.1.1 and 2.1.2 to calculate the 
transfer function of different modulator designs. We then analyze the modulator 
linearity by SFDR. We evaluate the SFDR of the modulator by employing the two-
tone input frequency (fi = 2.2 GHz and f �二 2.4 GHz) to the transfer function and 
from the Fourier Transform of the modulated output signal we obtain the IMD 
signal at 2.6 GHz and fundamental signal at 2.2 GHz. Table 2.2 lists the calculation 
results of the required modulator length, insertion loss due to the free-carrier 
absorption and SFDR at bias voltage of 2.5 V for all the diode designs. 
Table 2.2 Calculation results of the required modulator length, insertion loss due to 
the free-carrier absorption and SFDR at bias voltage of 2.5 V of various silicon 
depletion-based modulator designs 
Design Length (mm) Loss (dB) SFDR (dB) 
A 4.38 3.82 113.7 
B 10.15 2.79 116.7 
C 5.03 3.54 113.8 
D 6.46 3.08 114.4 
E 4.64 5.83 112.9 
F 4.84 3.59 113.6 
G 4.65 5.47 113.5 
丨丨、. I 
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From table 2.2, design B gives the highest SFDR of 116.7 dB, which is 5.9 dB 
higher than the SFDR of LEO-based MZI modulator. Design B also gives the longest 
required length of around 1 cm in one-arm-drive MZI configuration. However, it 
gives the smallest free carrier absorption loss of 2.79 dB, which is due to an intrinsic 
region of 30 Onm defined between the p and n doped regions. 
Figure 2.2.4 shows the calculated SFDRs of all the designs with various bias 
voltages from 2.5 V to 7.5 V. Similar to the results in figure 2.1.9, the SFDR 
decreases as the bias voltage increases, asymptotically approaching the SFDR of 
LEO-based MZI modulators. 
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Fig. 2.2.4 Calculated SFDRs of diode designs A-G at various bias voltages 
In this section, our theoretical analysis shows that the linearity of the silicon 
MZI optical modulator can be optimized by changing the diode design. The SFDR of 
silicon MZI modulators based on a reverse-bias p+-p-i-n-n+ diode has the highest 
improvement of 5.9 dB compared with conventional linear electro-optic effect MZI 
modulators. ‘ 
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2.3 Experiment of Radio-over-Fiber Signal Transmission by a Carrier-Inieclion 
Silicon Microrins Modulator 
In this section we experimentally demonstrate a radio-over-fiber (ROF) signal 
transmission through a silicon modulator based on carrier-injection in a microring 
resonator structure. 
We have fabricated two designs on p+-i-p-i-n十 diode embedded depletion-
based modulator by oversea foundry service and the clean room facilities in local 
university (as described in this section). However, the fabricated devices did not 
perform optical modulation under reverse-bias applied voltage (by carrier-depletion) 
but they perform optical modulation under forward-bias applied voltage (by carrier-
injection). The failures are mainly due to the fabrication error during the processes. 
Although the modulation speed in carrier-injection-based modulator is typically 
slower than carrier-depletion-based modulator when pre-emphasis circuit is not 
employed (as shown in table 1.7)，we still can used the carrier-injection-based 
microring modulator here to experimentally demonstrate an application in ROF links 
with lower speed. In future work, we can also use the carrier-depletion-based 
microring modulator to demonstrate the same experiment with higher modulation 
speed when the carrier-depletion based modulator is successfully fabricated. 
The transmission and distribution of long-reach (LR) ROF signal is 
challenging due to the chromatic-dispersion-generated periodic power fading and 
code time-shifting effect in the optical fiber. One promising method is to use single-
sideband (SSB) ROF signal. However, the conventional generation of SSB-ROF 
signal requires tight optical filtering [52] or separate modulation and combination of 
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the sidebands [53, 54]. By using the narrow optical bandwidth characteristic of the 
microring resonator, here we report a convenient way to generate the SSB-ROF signal. 
We first describe the fabrication process of the modulator, and then show the 
experimental setup, finally give the experimental results for LR SSB-ROF signal 
transmission up to 100 km long single-mode fiber (SMF). 
2.3.1 Device Fabrication 
The silicon microring modulator is fabricated by a ‘mix-and-match，process of 
electronic beam lithography (EBL) in Micro and Nano Fabrication Laboratory (MNF) 
at The Chinese University of Hong Kong (CUHK) and i-line photolithography in 
Nanoelectronics Fabrication Facility (NFF) at The Hong Kong University of Science 
and Technology (HKUST). The step of defining grating coupler is fabricated in 
CUHK by using the EBL while other steps are fabricated in HKUST by using the i-
line stepper. 
Fig. 2.3.1 shows the schematic of the fabrication process flow for silicon 
modulators based on carrier-injection in a microring resonator structure. 
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Fig. 2,3.1 Schematic of the fabrication process flow for silicon modulators based on carrier-
injection in a microring resonator structure. 
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We fabricate the device on a 100 mm (4 inch) SOI wafer with 340nm top Si 
on 2 \.im buried oxide (BOX) purchased from Soitec，Inc. [55]. There are a total of six 
lithography steps to define various patterns on the wafer, in addition to an initial 
alignment mark forming for the i-line stepper. A total of five masks have been used in 
the photolithography steps. 
In the first step concerning waveguide layer etching, we first coated the wafer 
with HMDS at 105 °C for 60 seconds, and then spin coat with AZ1075 photo resist 
(PR) at 4000 rounds per minute (rpm) for 60 seconds. Following a softbake at 90 °C 
for 60 seconds on hotplate, we transfer the patterns of photonic waveguide layer by 
ASML-5000 i-line stepper with a projection ratio of 5:1. After the exposure, we bake 
the resist at 110 °C for 90 seconds on hotplate, and then develop the wafer by FHD-5 
developer for 60 seconds. No hardbake is followed. The wafer is then dry-etched for 9 
minutes by a CF4-based reactive-ion-etching (RIE) etcher AME-8110 with Si etching 
recipe, with top silicon etch rate of around 220 A/minute. The remaining PR on the 
wafer is then removed by a standard piranha cleaning at 120 °C for 10 minutes. 
In the second step, the wafer is first spin coated with ZEP520A high-
resolution ebeam PR at 3500 rpm for 60 seconds. Following a softbake at 180 °C for 
180 seconds on hotplate, we transfer the patterns of grating coupler by Elionix ELS-
7800 EBL system. After the exposure, we develop the wafer by ZED-N50 for 60 
seconds, and then hardbake at 1 2 0 � C for 180 seconds on hotplate. The wafer is then 
dry-etched for 6 minutes by a SFe-based inductively-coupled-plasma (ICP) deep-
reactive-ion-etching (DRIE) etcher Oxford Plasma Lab 100, with top silicon etch rate 
of around 340 A/minute. The remaining PR on the wafer is then removed by the O2 
plasma in the same chamber for 5 minutes. 
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Prior to the third step, the wafer is first deposited with 250 人 thick low 
temperature oxide (LTO) in a furnace. The LTO acted as a sacrificial oxide layer 
during the ion implantation processes. 
In the third and fourth steps, the wafer is first coated with HMDS at 105 °C for 
60 seconds, and then spin coated with FH6400L PR at 4000 rpm for 60 seconds. 
Following a softbake at 110 °C for 60 seconds on hotplate, we transfer the patterns of 
p+- and n十-doped region by ASML-5000 i-line stepper. After the exposure, we 
develop the wafer by FHD-5 developer for 60 seconds, and then hardbake at 180 °C 
for 30 minutes in oven prior to the high-dosage ion implantation processes. We then 
use Varian CF3000 ion implanter to form the p十-and n十-doped regions. We implant 
十 1 5 2 
boron for p doping with the dosage of 3x10 /cm，energy of 20 keV, and tilt angle 
of 7°. We implant phosphorus for n+ doping, the dosage is /cm�，energy is 40 
keV, and tilt angle is 7°. After the ion implantations, we remove the resists on top by 
oxygen plasma cleaning in PS210 photo resist asher for 25 minutes. The wafer is then 
cleaned by a standard piranha cleaning at 120 °C for 10 minutes. 
After the fourth steps, the 250 人 sacrificial oxide layer is removed from the 
wafer by buffered oxide etchant (BOB) for 60 seconds, and then re-deposited with 
8000 A thick LTO in the furnace. The 8000 人 oxide acted as a upper-cladding of the 
optical waveguide in order to prevent the loss induced by the modal overlap between 
the evanescent field and the metal. We then anneal the wafer at 1000 °C for 30 
minutes in the furnace. The annealing process provides the functions of dopants 
activation and LTO densification. 
In the fifth step, the pattern of oxide via is defined as the same recipe used in 
the first step for photonic devices. After the steps of photolithography, the wafer is 
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dry-etched for 15 minutes by a CF4-based RIE etcher AME-8110 with Si02 etching 
recipe, with LTO etch rate of around 360 人/minute. Then we wet-etch the wafer by 
BOE for 2 minutes in order to ensure the oxide via are opened through to provide 
good contact between metal and highly doped regions. We remove the resists by a 
standard piranha cleaning at 120 °C for 10 minutes. 
Finally, in the sixth step, the wafer is first sputtered with 8000 A thick Al:Si 
(1%) by Varian 3180 sputtering system. After the sputtering, the wafer is first coated 
with HMDS at 105 °C for 60 seconds, and then spin-coated with HPR504 PR at 4000 
rpm for 60 seconds. Following a softbake at 110 °C for 60 seconds on hotplate, we 
transfer the patterns of metal contact by ASML-5000 i-line stepper. After the 
exposure, we develop the wafer by FHD-5 developer for 60 seconds, and then 
hardbake at 120 °C for 30 minutes in oven prior to the wet metal etching. We wet-
etch the Al/Si on the wafer by a H3P04:CH3C00H:HN03 (100:10:1) solution at 50 
°C for 5-6 minutes. After the wet-etching, the wafer is dip in the Freckle etch solution 
for 2 minutes to remove the silicon residues left on the wafer. We then remove the 
resists by a MS2001 at 120 °C for 10 minutes. We finally perform forming gas 
annealing (FGA) at 400 °C for 30 minutes in order to achieve lower contact resistance. 
Figure 2.3.2 (a) shows the cross-sectional schematics of the optical 
waveguide, the simulated optical transverse-electric (TE) mode field distribution and 
the p+-i-n+ diode. The waveguide width is 500 nm, height is 340 nm while the slab 
thickness is 140 nm in order to provide a conductive path between two electrodes. 
The waveguide dimension used here is defined by considering a simple single-etching 
fabrication step of waveguides and efficient grating couplers on a 340 nm thick SOI 
wafer. The optical waveguide can support multi-mode propagation, however, the 
grating couplers can act as the mode filters to excite only the fundamental mode in the 
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waveguide. The p+- and n+- doped regions are separated from the waveguide sidewalls 
with a spacing of around 500 nm. The doping concentrations for the p+- doped region 
is around cm'^ while for the doped region is around 2x10^° cm"^. 
Figure 2.3.2 (b) shows the top-view microscope image of the fabricated silicon 
microring modulator on a SOI chip. The microring resonator has a 'racetrack' shape 
in order to increase the strength of evanescent coupling from the input waveguide. 
The designed racetrack microring arc radius is 20 |.im. The designed straight 
interaction length is 15 |jm. Our designed gap spacing between the sidewalls of the 
waveguides is 400 nm, which is 100 nm smaller than the critical dimension of the i-
line stepper (500 nm), so the exposure energy and focus value during the 
photolithography process should be fine-tune in order to achieve gap opening. The 
metal contacts on the highly doped regions are extended to a ground-signal-ground 
(GSG) pad for high-speed probing. 
Figure 2.3.2 (c) shows the cross-sectional scanning electronic microscope 
(SEM) image of our fabricated optical waveguide on the same SOI wafer. The upper-
oxide cladding is removed by HF solution after the whole fabrication processes. The 
measured waveguide height is around 340 nm, width is around 570 nm and the slab is 
around 120 nm. The sidewall slope angle is around 75°. The waveguide width 
difference between the fabricated device and our design may be attributed to the 
limited resolution of the i-line stepper and the imperfect etching slope angle. The slab 
thickness is 20 nm smaller than our design, which may be due to the imperfect control 
of etching time and non-uniformity of etching. 
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Fig. 2.3.2 (a) Cross sectional schematic of the optical waveguide, the simulated optical 
transverse-electric (TE) mode field distribution and the schematic of the embedded p+-i-n+ 
diode, (b) Top-view microscope image of the fabricated silicon carrier injection-based 
modulator. Inset: zoom-in microscope image of the ring resonator (c) Cross sectional 
scanning electronic microscope (SEM) image of our fabricated optical waveguide on SOI. 
The upper oxide cladding is removed by BOE. 
2.3.2 Experimental Setups 
Figure 2.3.3 shows the schematic of experimental setup in our work. A 
wavelength-tunable laser (1509 nm — 1640 nm wavelength) is used as light source. 
The laser beam is first launched to the erbium-doped fiber amplifier (EDFA) and then 
the band-pass filter (BPF). The beam is then TE-polarized by the polarization 
controller (PC), and then coupled to our device by a cleave-end SMF and a grating 
coupler. The output beam from the out-port of the device is coupled out by another 
pair of grating coupler and cleave-end SMF. The beam is then launched to the second 
EDFA and second BPF. Before entering the photodetector, the beam passes through 
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various lengths of SMF: (1) 0 km / back-to-back (B2B), (2) 50 km, (3) 100km (with a 
third EDFA between two 50 km long fibers). 
In the experiment, a high-speed (40 GHz) ground-signal (GS) radio-frequency 
(RF) probe is connected to the metal pad of our device in order to measure the 
electrical characteristic and drive the electrical data. 
The electrical data comes from the pattern generator is combined with the 
direct-current (DC) signal through a bias-T，and then drive the silicon modulator by 
the GS RF probe. The electrical data from the photodetector can be either connected 
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Fig. 2.3.3 Experimental setup in the testing of ROF signal transmission by using a silicon 
microring modulator. We employ LR signal testing of (1) B2B (0km), (2) 50km and (3) 
100km long SMF. ‘ 
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Figure 2.3.4 shows the photograph of the optical coupling setup in our 
experiment. We use a long-distance lens and a CCD camera to monitor the position of 
the grating couplers and the SMFs. From the inset of figure 2.3.4, the SMFs are 10° 
tilt from the normal axis of the wafer. 
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Fig. 2.3.4 Photograph of the optical coupling setup by grating couplers used in the experiment. 
2.3.3 Experimental Results 
Figure 2.3.5 shows the measured current-voltage (IV) characteristic of the 
fabricated silicon microring modulator. The results are measured by connecting the 
RF probe to HP 4145B semiconductor parameter analyzer through a BNC cable in 
order to ensure small resistance attributed by the setup. The measured current 
limitation of the analyzer is set to 30 mA. The turn-on voltage of the p+-i-n+ diode is 
around 1 V, and the turn-on resistance is around 18 Q. The IV characteristic of the 
device shows typical diode responses with relatively low turn-on voltage and low 
contact resistance. The results 'indicate a good fabrication process for the ion 
implantation, oxide via and metal contact layers. 
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Fig. 2.3.5 Measured IV characteristic of the fabricated silicon microring modulator embedded 
with a p'-i-n' diode 
Figure 2.3.6 shows the measured transmission spectra of the silicon microring 
modulator under various forward bias DC voltages. The resolution of the spectra is 
O.OOSnm. The spectra are normalized with the transmission of a reference waveguide. 
The forward-bias DC voltages are 0.5V，0.8V, 0.9V and l.OV. The resonance 
wavelength is shift towards shorter wavelength when the bias voltage increases, 
which is an evidence of modulation caused by injection of free-carriers inside the 
waveguide to reduce the refractive index. The spectrum at 0.5 V is almost the same as 
the spectrum at 0.0 V (not shown in the figure), which means that the p+-i-n+ diode 
does not turn on at 0.5 V (as carriers have not been injected into the waveguide). The 
full-width-at-half-maximum (FWHM) of the resonance is around 0.215 nm. Thus the 
quality factor Q is around 7000 at wavelength of 1530 nm for the microring resonator. 
The extinction ratio (ER) is around 16 dB for DC voltages below 0.5V. The Q is 
reduced to around 6000 while ER reduced to around 6 dB when the DC voltage is 1.0 
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V. The decrease of the ER and Q are due to the free-carrier absorption of the injected 
carrier into the waveguide. 
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Fig. 2.3.6 Measured transmission spectra of the silicon microring modulator under various 
forward bias DC voltages 
From the experimental results of other testing patterns, the typical measured 
coupling loss per grating coupler is around 6 dB. The waveguide loss measured by 
cut-back method is around 3 dB/mm. The coupling and waveguide losses are higher 
than the expectation. We attribute the high loss mainly to the fabrication imperfection, 
especially the silicon etching processes. 
In the testing of ROF signal transmission, we first examine the high-speed 
digital data transmission capability of the silicon microring modulator. The probe 
wavelength of the input beam is set to 1529.35 nm, the resonance null when DC 
voltage is 0.5 V. The non-return-zero (NRZ) electrical driving signal has peak-to-peak 
voltage of 2 V, as directly output from the pattern generator. The DC bias level is 
fine-tuned to obtain the best output signal in every measurement. A RF amplifier has 
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been used. During the experiment, the highest data rate to maintain good eye opening 
of the output signal is 1.5 Gb/s. We supposed the speed is limited by the carrier 
recombination life time (-few ns [27]) of the injected free carrier. In our experimental 
demonstration of LR SSB-ROF transmission, we set the input data rate at 1 Gb/s. 
We then examine the data transmission in a long-distance fiber. Figure 2.3.7 
shows the NRZ bit-error rate (BER) measurement of the output signal for back-to-
back, 50km fiber and 100km fiber. The insets shows the eye diagrams of tJ -1 
Pseudorandom Bit Sequence (PRBS) at 1 Gb/s for B2B, 50 km and 100 km SMF 
transmissions. From all cases, a clear eye opening is obtained. Error-free transmission 
(BER < 10—9) is measured without error-floor. We observed 2.5 dB power penalties in 
the 50km SMF transmission and an additional of 1.5 dB power penalties in the 100 
km SMF transmission. 
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Fig. 2.3.7 Measured 2? -1 PRBS at 1 Gbps NRZ BER measurement of the output signal for 
B2B, 50km and 100km SMF transmissions. Insets: corresponding eye diagrams for B2B, 
50km and 100km SMF. � 
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We generate an optical two-tone signal by optical carrier suppress (OCS) to 
replace the monochromatic input beam sources. We drive a 20 GHz sinusoidal wave 
from the synthesizer into the commercial high-speed MZI-based modulator at the null 
point to generate an optical two-tone with 40 GHz separation. The lower wavelength 
sideband at 1528.917 nm in the optical two-tone signal is then modulated by the ring 
modulator, in order to generate a SSB-ROF signal in the experiment. We choose the 
sideband at shorter wavelength because the resonance blue shift in the modulator 
would not affect the signal. 
Figure 2.3.8 shows the measured transmission spectrum of the SSB-ROF 
signal generated by the silicon microring modulator. The spectrum is measured by 
optical spectrum, analyzer (OSA) with resolution of 0.01 nm. The wavelength spacing 
between the two tones is around 0.3 nm, corresponding to 40 GHz frequency spacing. 
It shows a high center wavelength suppression of larger than 20 dB. 
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Fig. 2.3.8 Measured wavelength spectrum of the SSB-ROF signal 
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2.4 Summary 
In summary, we present the theoretical studies on linearity of silicon 
depletion-based modulators and experiment of analog optical signal transmission by a 
silicon injection-based modulator. We find that the linearity of silicon depletion-based 
modulators can be improved by the nonlinear response of refractive index change of 
free-carrier effect. In MZI modulator structures, the SFDR of silicon depletion-based 
modulators is 4.6 dB higher than that of LEO-based modulators. We further show that 
the SFDR of silicon depletion-based modulator can be further improved by 
optimizing the embedded diode structure to 5.9 dB higher than that of LEO-based 
modulators. We also experimentally demonstrate the transmission of LR SSB-ROF 
signals at speed of 1 Gb/s by a silicon injection-based ring modulator. The analytical 
and experimental results in this chapter show that silicon-based modulators have good 
potential to be used in analog optical links. Silicon depletion based MZI modulators 
provide better linearity than LEO based MZI modulators. Silicon microring 
modulators provide an effective way to generate a SSB- ROF signal through its 
unique narrow-band characteristic. 
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Chapter 3: Novel Diode Structures and T-Rail Travelling-Wave 
Electrodes to Enhance the Performance of Depletion-based 
Modulators 
As shown in table 1.7，silicon modulators based on free-carrier effect 
commonly employ three different electrical structures: (1) carrier-injection in the p-i-n 
diode, (2) carrier-depletion in the p-n diode and (3) carrier-accumulation in the MOS 
capacitor. 
Among these structures, carrier depletion-based modulators demonstrate the 
highest modulation speed because of following reasons: (a) compared to carrier-
injection modulators in a pin diode, carrier depletion-based modulators exhibit much 
shorter carrier transit time in the order of picoseconds, while the carrier lifetime is 
typically longer than nanosecond in the injection-based device [27]. (b) Compared to 
carrier-accumulation in the MOS capacitor, the capacitance of the carrier depletion-
based modulator is much reduced, hence a higher RC bandwidth [28]. 
In terms of fabrication complexity, carrier injection-based modulators require 
the simplest fabrication of a p-i-n diode. Carrier depletion-based modulators require 
more complicated fabrication processes as a doped region should be precisely defined 
in the waveguide in order to achieve high modulation efficiency. Among all structures, 
carrier accumulation-based modulators are the most complicated devices, MOS 
capacitor-based modulator typically require precise control of the regions of highly 
doped polysilicon and gate oxide in order to avoid excess optical loss and maintain 
high modulation efficiency. 
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By considering the speed limitation and fabrication complexity, carrier 
depletion-based modulators are a promising structure to achieve high-speed 
modulation with moderate fabrication complexity in the SOI-based PIC platform. 
However, there are two major flgure-of-merits in depletion-based modulators that can 
be improved with further device optimization: (i) modulation efficiency and (ii) 
electrical bandwidth which is limited by the resistance-capacitance (RC) time limit. 
Modulation efficiency can be described by the figure-of-merits VjjL (normally 
used in interferometer based modulator) or refractive index change An under applied 
voltage (VjcL is related to An). The modulation efficiency of a modulator is higher 
when the value of V^L is smaller (An is higher). V j^L is defined as the product of 
required phase shifter length L and applied voltage V in order to achieve complete 
modulation in MZI. The value of V^L is governed by the amount of An under applied 
voltage V as required phase shifter length L=?i/2An for single-arm drive MZI 
modulator (the value of L is half in push-pull MZI modulator). 
Modulation efficiency of depletion-based modulators is mainly governed by 
the structural designs of the optical waveguide and the embedded diode. Because the 
optical waveguide in the SOI-based PIC platform has limited ranges of dimensions to 
maintain single mode propagation and achieve high integration density, the embedded 
diode design optimization becomes the most effective way to enhance the modulation 
efficiency. 
The electrical bandwidth of depletion-based modulators is limited by the RC 
time constant of the depletion-mode diode rather than the carrier transit time ( � p s ) 
[11]. Depending on the p-n diode design, the 3dB RC bandwidth is around few GHz 
assuming a 3 mm-long phase shifter in a RF system with impedance of 50 Q (with 
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diode capacitance per unit length of 0.3 fF/|.im, RC bandwidth = l/27iRC). Thus, a 
travelling-wave electrode design is needed to achieve both high-speed and large-
extinction-ratio operation. 
In this chapter, we propose a novel diode design structure to increase the 
modulation efficiency of the depletion-based modulator. Section 3.1 discusses the 
basic requirements of the diode design. Section 3.2 presents the design principle of 
the p-n diode. Section 3.3 shows the modeling results of our proposed device. Section 
3.4 describes the fabrication process of our devices. Section 3.5 shows the 
experimental results of the fabricated devices. Section 3.6 presents our proposed 
design of travelling wave electrode. Finally section 3.7 summarizes the chapter. 
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3.1 Requirements of Diode Desisn for Depletion-based Optical Modulators 
The modulation efficiency (described by V^ L^ or An under applied voltage) in 
depletion-based modulators is at least one order lower than that in injection-based 
modulators (0.036 Vcm [29]) because only small amount of free-carriers can be 
modulated by reverse-bias compared with carrier-injection and carrier-accumulation. 
There are several advantages by improving the modulation efficiency. The 
device's footprint and/or drive voltage can be reduced. Therefore the device 
integration density can be increased and the power efficiency (switching energy = 
CV [35]) can be increased (for a given device capacitance). These two advantages 
are crucial for on-chip interconnects as optical modulators takes up most part of the 
power consumption in the optical interconnects [56, 57]. 
From the empirical relations of An and Act in silicon at wavelength of 1.55 fim 
described in equations 1.4.1 and 1.4.2, one may state the increase of modulation 
efficiency (An) would also increase the insertion loss of the device by Kramers-
Kronig relation. However, the above statement is not completely correct because the 
insertion loss is a product of device length and loss coefficient. The decrease of 
required device length by increasing An could possibly compensate the increase of Aa. 
We describe the concept with following equations. Equation 3.1.1 describes the 
required length L in a one-arm-drive MZI-based modulator: 
(3.1-1) 
2 A n K 7 
where X is the free-space wavelength, An is the refractive index change. 
The insertion loss (in dB) in the same configuration and assuming both arms 
are embedded with the same diode structure is: 
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Loss (in dB) = 4.343aL 
4.343a 义 1 q � 
= (3.1.2) 
where a is the loss coefficient (in length'^) induced by the embedded diode. 
From equation 3.1.2, the loss is proportional to a and inversely proportional to 
An. So it is possible to have a diode design to increase modulation efficiency and 
maintain (or even decrease) the insertion loss. 
However, in depletion-based modulators, the position of the depletion region 
should be precisely controlled. A wrong design or misalignment of the depletion 
region would decrease the modulation efficiency with the same (or even higher) 
insertion loss as the doping level inside the waveguide is the same. 
Based on the analysis above, we find that an optimized diode design could 
provide better modulation efficiency and lower insertion loss. In addition to these 
requirements, we are also interested for a diode design with high fabrication tolerance. 
The primary reason is that our previous designs on depletion-based modulators all 
failed to provide modulation under reverse-bias. One possible reason is the relatively 
low fabrication tolerance of the p+-i-p-i-n+ diode structure. The second reason is that 
misalignment error is an engineering problem on the fabrication of depleted based 
modulators. Only few approaches [58] have been proposed to solve this problem, but 
these approaches may sacrifice the modulation efficiency. 
Finally in here, we list the three basic requirements for our diode design: (1) 
high modulation efficiency, (2) low carrier induced absorption loss and (3) high 
fabrication tolerance. � 
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3.2 Diode Design Principle 
First, we calculate the refractive index changes and absorption coefficient 
changes for free-holes and free-electrons based on the empirical relations of An and 
Aa'm equation 1.4.1 and 1.4.2. Figure 3.2.1 shows the calculated results of refractive 
index changes, loss coefficient changes (dB/mm), and ratio between the refractive 
index changes by free holes and free electrons. The carrier concentrations are from 
10i7/cm3 to lO^Vcm^ 
(a) (b) 
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Fig. 3.2.1 (a) Calculated refractive index changes of free-holes and free-electrons. Inset: the 
ratio of An!/ An�(b) Calculated loss coefficient changes of free holes and free electrons, with 
unit of (dB/mm). 
From figure 3.2.1, the refractive index changes induced by free-holes are 
larger than that by free-electrons for carrier concentration change below lO'^ /cm^ At 
concentration change of /cm^, the index change due to free-holes is 2.5 times 
larger than that due to free-electrons. From the calculated loss coefficient change, the 
loss induced by free-holes is less than that by free-electrons. The results suggest that 
the injection or depletion of free holes would be more efficient and provide less loss. 
This is the major objective for the design on p+-i-p-i-n+ diode structure to only deplete 
free-holes in the waveguide [31]. ‘ 
72 
In carrier effect, the increase of free-carrier concentrations would increase the 
refractive index change. However, the increase of doping concentrations in depletion-
based modulators may not always increase the refractive index changes because the 
change of free-carriers upon reverse-bias is only limited to the depletion region. The 
depletion width fVo is related to the doping concentration as described by equation 
3.2.1 [59]: 
where s � i s the permittivity of free space, e" is the relative permittivity of material, Vbi 
is the built-in voltage, V叩p is the applied reverse bias, e is the electron charge, Na is 
the p-doping (acceptor) concentration, Nd is the n-doping (donor) concentration. 
Figure 3.2.2 shows the calculated depletion width Wq as a function of different 
p and n doping concentration calculated from equation 3.2.1. 
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Fig. 3.2.2 Calculated depletion widths as a function of doping concentrations 
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The value of s � i s 8.854 x F/cm, Sr is 11.9 for silicon, Vm is assumed to be 
1 V, Vapp is set to be 5V, e is 1.6 x 10.19 C，Na is ranged from 10" /cm^ to /cm^ 
and No is ranged from 5 x /cm] to 4 x /cm\ 
1 7 3 
From the results in figure 3.2.2，when Na and No are larger than 5 x 10 /cm， 
Wd is less than 200 nm. When Na and No are larger than 1 x /cm^, Wd is less than 
130 nm. When we review the experimentally demonstrated depletion-based modulator 
diode structures by various research groups, the horizontal p-n junctions are widely 
employed in depletion based modulators [30，31, 33, 58], due to the simple process of 
embedding a p-n junction in a formed waveguide in the fabrication. The horizontal p-
n junction is defined perpendicular to the wafer plane. As such, the depletion region 
of the p-n diode can only occupy less than 50% of the area in the waveguide core, 
compared to the optical waveguide on the SOI platform with a width of 500 nm. 
Figure 3.2.3 (a) shows the cross-sectional schematic of an optical waveguide 
on SOI substrates and the corresponding calculated TE-mode field profile. The 
waveguide is 220 nm high, 500 nm wide with a 50 nm thick slab. Figure 3.2.3 (b) 
shows the cross-sectional schematic of the waveguide-embedded horizontal junction. 
Figure 3.2.3 (c-e) shows the cross-sectional schematics of the dimensions of depletion 
width inside an optical waveguide with various doping concentration. The doping 
concentrations are Na, Nd = 5 x lO!? /cm\ Na, Nd=\ x lO'^ /cm^ and Na, A^ d 二 2 x 
1 8 'i 
10 /cm . The calculated depletion width under 5V reverse bias are (c) 180 nm, (d) 125 nm 
and (e) 90 nm. Figure 3.2.3 (f-h) shows the lateral-direction TE-mode field profile of 
the waveguide in the core region at 110 nm high above the oxide cladding and the 
depletion width, in order to show the modal overlap between the optical mode and 
depletion region. We assume a depletion region is located at the middle of the 
waveguide to achieve maximum efficiency. 74 
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Fig. 3.2.3 (a) Cross-sectional schematic of the optical waveguide and optical-TE mode field 
distribution, (b) Cross-sectional schematic of the horizontal junction p-n diode in the 
waveguide, (c-e) Cross-sectional schematics of the dimensions of depletion width inside an 
optical waveguide with various doping concentrations. The doping concentrations are Na, N!) 
二 5 X 10i7 /cm\ Na, iV/) 二 1 x lO'^  /cm^ and Na, No = 2 x lO'^ /cm\ The calculated depletion 
width under 5V reverse-bias are 180 nm, 125 nm and 90 nm. (f-h) Lateral-direction TE-mode 
field profiles of the waveguide in the core region at 110 nm high above the oxide cladding 
and the depletion width. 
From figure 3.2.3, we see the spatial overlap between the depletion region and 
the optical mode field decreases with the doping concentrations increase. The results 
indicate that the modulation efficiency under carrier-depletion would not follow as 
suggested in figure 3.2.1(a) because of the narrowing of the depletion width. The total 
refractive index change of the waveguide in depletion-based modulators is based on 
the weighted average of the total mode field intensity. 
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In a free-carrier effect without the limit of depletion region, the increase of 
refractive index change for free-holes and free-electrons become: 
- — ("J (for holes) (3.2.2) 
^ ^ ^ 二 - 8 . 8 X 1 0:，: = ^ (for electrons) (3.2.3) 
ArieiNoi) -8.8xlO-22(yVDi) Noi ^ ,、 ） 
In the case that the depletion width is narrower than 180 nm, the E-field 
normalized intensity has a peak normalized intensity exceeding 0.8. We assume the E-
field intensity is the same as in the depletion region in order to simplify the analysis as 
modal integration is not necessary. To include the effect of depletion width on 
depleted-based modulators, we simply multiply the ratios of depletion width and 
waveguide width to the equations for various concentrations. We also assume that the 
free-carriers inside the depletion region are fully depleted and Na is equal to Nd. The 
increase of refractive index change in depletion-based modulators for free-holes and 
free-electrons become: 
们 ) - - 8 . 5 X 1 0 - 1 8 0 V 们 — 幽 0 . 3 阶 r ho les、 n 2 4、 
A n , ( N似） - - 8 . S X 1 0 —似 ) � . 8 ( v ^ d i ) “ ^ ^ a J ho ies) (3.2.4) 
- - 8 . 8 X 1 0 - 仍胸 1) - fcj (for electrons) (3.2.5) 
In equations 3.2.4 and 3.2.5, our analysis shows that in depletion-based 
modulators, a ten times increase of p-doping concentration Na can only provide 2 
times increase in the refractive index change, while ten times increase of n-doping 
concentration N d can only provide 3 times increase in the refractive index change. 
However, the loss coefficient depends little on the depletion width because normally 
the entire waveguide region is dbped with dopants. Due to this reason, in depletion-
based modulator, a doping concentration of less than 2 x lo'^ /cm^ is normally used to 
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avoid larger absorption. On the other hand, the narrower depletion width for a higher 
doping concentration requires more precise control on the forming of the doped 
regions, which may at the end result in a lower-efficiency modulator after the 
fabrication. 
Our analysis showing the changing of the doping concentration provides little 
enhancement on the modulation efficiency due to the limited spatial overlap between 
the optical mode and the depletion region. So in order to increase the modulation 
efficiency, we consider a vertical junction p-n diode to increase the modulation 
efficiency in our diode design. The vertical junction is defined as the p-n junction is 
parallel to the wafer plane. The vertical-junction p-n diode would increase the modal 
overlap in the typical rectangular waveguide geometry. 
Figure 3.2.4 (a) shows the cross-sectional schematic of the vertical-junction p-
n diode in the waveguide. Figure 3.2.4 (b) shows the cross-sectional schematic of the 
dimension of the depletion region inside the optical waveguide. We assume Na, No = 1 
X lO'^  /cm�. Figure 3.2.4 (c) shows the vertical direction TE mode field profile at the 
center of the waveguide, in order to show the modal overlap between the optical mode 
and the depletion region. The waveguide dimension is the same as that in figure 3.2.3. 
� (b) NA,ND = lxl0i8(/cm3) (c) J 
1 0 
Fig. 3.2.4 (a) Cross-sectional schematic of the vertical-junction p-n diode in the waveguide, (b) 
Cross-sectional schematics of the dimension of depletion region inside the optical waveguide. 
Na, Nd = 1 X lO'^  /cm\ (c) Vertical direction TE mode field profile at the center of the 
waveguide. ‘ 
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With the vertical p-n junction, the depletion region occupies nearly 60% of the 
area in the waveguide core, while in the horizontal junction the depletion region 
occupies only 25% of the area with the same doping concentrations of Na, A^ z) = 1 x 
I O • 
10 /cm . The results show that the vertical junctions approximately increase the 
modulation efficiency by two times with similar loss coefficient with the same p- and 
n- doping concentrations. 
In summary, we provide the principle for designing depletion-based 
modulators. First, we derive the relation between the modulation efficiency and the 
loss, showing that the increase of the modulation efficiency could mitigate the effect 
of loss coefficient increasing due to higher carrier concentration. Second, we show the 
increase of the doping concentration provides little enhancement in the modulation 
efficiency but results in higher loss and lower fabrication tolerance. Based on these 
principles, we propose to use a vertical-junction p-n diode in our design in order to 
optimize the modulation efficiency and insertion loss of the modulator. This fulfills 
the first two requirements listed in section 3.1. 
For the requirement on fabrication tolerance, the vertical junction allows us to 
use the energy control during the ion implantation process to give a better control on 
the position of the p-n junction. Therefore, the p-n junction is no longer relying on the 
doping windows, which always suffer from the alignment problems and imperfection 
of photolithography. In our fabrication, the existing overlay accuracy is 100 nm (mean 
+ 3sigma) of the i-line stepper in NFF (HKUST). While the energy control of the ion 
implanter has variation of less than 1% in commercial product line [60], which gives a 
projected range of less than 10 nm variation. The above information shows that our 
approach here may provide a more robust fabrication tolerance. 
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3.3 Modeling Results of Vertical-Junction p-n Diodes 
First, we calculate the refractive index changes and loss coefficient changes 
for horizontal- and vertical- junction by finite-element-method. As the simulations 
include the mode integration and realistic doping profile, the accurate results can help 
proof our concepts above. Also, the diode structures used in the simulation share 
similar fabrication steps and are possible for us to fabricate. 
Figure 3.3.1 shows the calculated doping profiles for horizontal-junction and 
vertical-junction p-n diodes in an optical waveguide by using Athena. The optical 
waveguide is 340 nm high, 500 nm wide with 140 nm thick slab. The diodes share the 
same ion implantation dosages, the peak concentration for p-doped and n-doped 
region are around 1 x /cm� . In our designed vertical-junction p-n diodes, an 
additional horizontal junction is formed near the n+ slab region to provide a 
conductive path for the free electrons to deplete from the p-n junction. 
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Fig. 3.3.1 Simulated doping profiles of the (a) horizontal-junction and (b) vertical-junction p-
n diodes embedded into the optical waveguide. The profiles are simulated by Athena. 
Figure 3.3.2 shows the calculated effective refractive index changes and 
absorption coefficient changes for the horizontal-junction and vertical-junction p-n 
80 
diodes. We assume the wavelength is at 1.55 \xm. The detailed methodology of 
simulation is described in Appendix D. 
X10" � , , (b) 
6 I i ‘ 1 3.5 I • • 1 
5 ‘ Vertical 
b K 
Junction ^ Vertical 
4 . j r ^ • 2.511 Junction -
/ s T Horizontal ^ / _ 
1 - / X Junction 1 . Horizontal 
hs Junction 
5 Jo 15 0.5o 5 • 10 15 
Voltage (V) Voltage (V) 
Fig. 3.3.2 (a) Calculated effective refractive index changes and (b) absorption coefficient 
changes for the horizontal junction and vertical-junction p-n diodes. 
At 5 V reverse-bias, the effective refractive index change is around 2.8 xlO""^  
for the vertical junction and 1.8 xlO"'^  for the horizontal junction. Thus the V^L is 1.4 
Vcm for the vertical junction and 2.2 Vcm for the horizontal junction. The insertion 
loss is 3.1 dB for vertical junction and 3.8 dB for the horizontal junction assuming the 
phase shifter lengths to give the n phase change in single-arm-drive MZI-based 
modulator. The results proof our concept on the modulation efficiency enhancement 
and loss reduction by employing vertical junctions. 
The modulation efficiency has 40% enhancement in the calculated results. The 
waveguide dimensions used in the analysis are defined by considering a simple 
fabrication process on 340 nm thick top silicon SOI wafer. The ratio of width to 
height is around 1.5, compared to waveguide with height of 220 nm (width/height = 
2.3), the aspect ratio is 50 % smaller. Therefore, we believe that a 220 nm high 
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waveguide may have even higher efficiency. Our calculated results on 220 nm high, 
500 nm width waveguide dimensions show that effective refractive index change is 
around 4.5 xlO"'^  for the vertical junction and around 2.1 xlO^ for the horizontal 
junction under 5 V reverse bias. Thus the V j^L is 0.9 Vcm for the vertical junction and 
1.8 Vcm for the horizontal junction. The insertion loss due to the free-carrier 
absorption is 3 dB for the vertical junction and 4.6 dB for the horizontal junction 
assuming the phase shifter lengths to give the n phase change in single-arm-drive 
MZI-based modulator. The doubling of the modulation efficiency of the vertical 
junction compared to that of the horizontal junction is because of the doubling in the 
modal spatial overlap. 
In order to investigate the effect of alignment error during the fabrication, we 
perform simulations on various doping windows. Figure 3.3.3 shows the cross-
sectional schematics of the p-doped and n-doped ion implantation window on top of 
the silicon waveguide during the process. The center of the waveguide is defined as X 
=2 .00 i^ im. The edges of doping windows on the waveguide are originally 0.15 |im 
apart from the center. The center of edge of p-doping window on the waveguide is 
defined as X = 1.85 |am. The center of edge of n-doping window on the waveguide is 
defined as X = 2.15 j.im. 
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Fig. 3.3.3 Cross-sectional schematics of the ion implantation windows for (a) p-doping and (b) 
n-doping. The center of the waveguide is defined as X = 2.00 p.m. The doping windows are 
0.15 jLim apart f rom the center. The center of edge of p-doping window, on the waveguide is 
defined as X 二 1.85 |am. The center of edge of n-doping window on the waveguide is defined 
as X = 2.15 Jim. 
Figure 3.3.4 shows the calculated V^L as a function of the doping window 
variations. The diode structure and doping concentration are the same as those in 
figure 3.3.1 (b). We calculated the V^L by calculated effective refractive index change An: 
V^L= ：^ (3.3.1) 
兀 2 An \ 7 
where An is the effective refractive index change under 5 V reverse-bias. 
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Fig. 3.3.4 Calculated V„L as a function of (a) p- and (b) n- doping window variations. 
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From figure 3.3.4, the calculated results show that for the p-doping window 
with 士 100 nm window misalignment, the V^L of the device has maximum 30% 
variation. While for the n-doping window with 士 100 nm window misalignment, the 
VnL of the device has maximum .11% variation. The reason for the higher variation in 
the p-doping window is because the diode structure is optimized for the depletion of 
free-holes instead of free-electrons. The efficiency can be further improved if we 
move the doping window to the edges of the waveguide. However, it suffers from the 
risk that we may disconnect the electrical path way of the carriers, resulting in a 
hugely decrease of the modulation efficiency (e.g. shown in figure 3.3.4 (a) when Ax 
is -250 nm and in figure 3.3.4 (b) when Ax is 250 nm). The results here show our 
designs fulfill the requirement of fabrication tolerance. 
Although our vertical-junction diode design can give better modulation 
efficiency, lower loss and high fabrication tolerance, the capacitance of the device is 
much higher compared to the horizontal junction due to the increased area of the 
diode. In both 220 nm and 340 nm high waveguides, the calculated capacitance per 
unit length at 2.5 V reverse bias voltage is 0.5 fF/|im for vertical junction and 0.25 
fF/|am for horizontal junction by Atlas. The doubled capacitance can be compensated 
as the required length is halved due to increase of the modulation efficiency in 220 
nm high waveguide. But the doubled capacitance of vertical junction p-n diode in 340 
nm high waveguide results in a decrease of RC bandwidth compare to horizontal 
junction p-n diode in the same waveguide dimensions as the required length is only 
70% of the horizontal junction. The relatively high doping concentrations between the 
anode and cathode lead to a calculated series resistance of around 2 kQ \xm by Atlas. 
The device RC bandwidth (1/2^RC) is thus over 50 GHz. However, in a RF system 
with impedance of 50 Q., for the modulator with the required phase shifter length to 
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achieve n phase change, the RC bandwidth of the modulator is around 4 GHz. A 
shorter phase shifter length can be used to achieve high-speed modulation, however, 
the extinction ratio would also decrease. A capacitive-loaded travelling-wave 
electrode is thus a promising engineering solution to solve this problem. We will 
discuss this in section 3.6. 
We simulate more than 80 diode structures to optimize the diode design in 
order to achieve best performance and balance the modulation efficiency and insertion 
loss. The parameters have been fine-tuned including the doping windows, the ion 
implantation energy (p-n junction position), the ion implantation dosages (doping 
concentrations) and the thermal annealing temperature. In our designs, the p-n 
junction is placed slightly higher than the middle of waveguide to form an asymmetric 
p-n diode, in order to maximize the spatial overlap between the change of free-holes 
concentration and the peak intensity of the TE mode field. 
Figure 3.3.5 (a) shows the cross-sectional schematic of an optical waveguide 
on SOI substrates and the corresponding calculated TE-mode field profile. The 
waveguide is 340 nm high, 500 nm wide with a 140 nm thick slab. Figure 3.3.5 (b) 
and (c) shows the simulated free-hole and free-electron concentration changes in the 
waveguide core region upon 5 V reverse bias in the same waveguide dimensions. The 
diode structure and doping concentration are the same as those in figure 3.3.1 (b). 
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Fig. 3.3.5 (a) Cross-sectional schematic of an optical waveguide on SOI substrates and the 
corresponding calculated TE-mode field profile. The waveguide is 340 nm high, 500 nm wide 
with a 140 nm thick slab, (b-c) Simulated (b) hole and (c) electron concentration changes in 
the waveguide core region upon 5 V reverse bias in a 340 nm high waveguide. 
From figure 3.3.5, the hole concentration change is spatially overlap with the 
peak intensity of TE the mode field, while the electron concentration change is at the 
region with a lower intensity. The maximum hole concentration change is around 9 
xl0i7 /cm^ The maximum electron concentration change is also around 9 xlO^^ /cm]. 
In our final diode designs, the modulation efficiency is 1.4 Vcm for 340 nm 
high waveguide and 0.9 Vcm for 220 nm high waveguide. Our simulated results are 
compatible with the best reported value so far [35]. The best results so far is also 
based on a vertical junction p-n diode but based on a waveguide with thicker slab thus 
less mode confinement, which potentially have larger banding radius and lower 
integration density compared to the waveguides used in our structures. Also, all the 
processes used in the simulation are relatively simple and capable for us to fabricate 
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the device by the clean room facilities in CUHK and HKUST. Finally, we have to 
fabricate the designed diode structure in 340 nm thick top silicon SOI wafer by 
ourselves. While the diode designs for 220 nm high waveguide are fabricated by a 
foundry service oversea. 
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3.4 Fabrication Process of the Silicon Modulator 
Our design of silicon depletion-based modulators in 340 nm high waveguide is 
fabricated by a 'mix-and-match’ EBL in MNF/CUHK and i-line photolithography and 
NFF/HKUST. The step of defining grating couplers is fabricated in CUHK by EBL 
while other steps are fabricated in HKUST by i-line stepper. 
We fabricate the device on a 100 mm (4 inch) SOI wafer with 340 nm top Si 
on 2 |.im thick buried oxide (BOX) purchased from Soitec，Inc.. There are a total of 
eight lithography steps to define various patterns on the wafer, in addition to an initial 
alignment mark forming for the i-line stepper. A total of seven masks have been used 
in the photolithography steps. The fabrication process for the depletion-based 
modulators is similar to the injection-based modulator as described in chapter 2 in 
steps 1-4. 
In the fifth and sixth steps, the wafer is first coated with HMDS at 105 °C for 
60 seconds, and then spin coated with AZ1075 PR at 4000 rpm for 60 seconds. 
Following a softbake at 90 °C for 60 seconds on hotplate, we transfer the patterns of 
p- and n- doped region by the ASML-5000 i-line stepper. After the exposure, we bake 
the resist at 110 °C for 90 seconds on hotplate, and then we develop the wafer by 
FHD-5 developer for 60 seconds. We hardbake at 120 °C for 30 minutes in oven prior 
to the ion implantation processes. We then use the Varian CF3000 ion implanter to do 
ion implantation for the p- and n- doped-regions. We implant boron for p doping, with 
the dosage of 5x10^^ /cm^, energy of 70 keV, and tilt angle of 7°. We implant 
phosphorus for n doping, with the dosage of 2x10^^ /cm^, energy of 30 keV, and tilt 
angle of 7°. After the ion implantations, we remove the resists on top by oxygen 
88 
plasma cleaning in PS210 photo resist asher for 25 minutes. The wafer is then cleaned 
by a standard piranha cleaning at 1 2 0 � C for 10 minutes. 
After the sixth steps, the 250 人 sacrificial oxide layer is removed from the 
wafer by buffered oxide etchant (BOE) for 60 seconds, and then re-deposited with 
6000 A thick LTO in the furnace. The 6000 A oxide act as a upper cladding of the 
optical waveguide to prevent the loss induced by the modal overlap between the 
evanescent field and the metal. We then anneal the wafer at 1000 °C for 30 minutes in 
the furnace. The annealing process provides the functions of dopants activation and 
LTO densification. 
In the seventh step，the pattern of oxide via is defined as the same recipe used 
in the first step for the photonic devices. After the steps of photolithography, the 
wafer is wet-etched by BOE solution for 9 minutes to ensure the oxide via are opened 
through to provide good contact between metal and highly doped region. We then 
remove the resists by a standard piranha cleaning at 120 °C for 10 minutes. We 
choose wet etching because of the machine for dry etching was not available during 
our process. 
Finally, in the eighth step, the wafer is first sputtered with 8000 A thick Al:Si 
(1%) by the Varian 3180 sputtering system. After the sputtering, the wafer is first 
coated with HMDS at 105 °C for 60 seconds, and then spin coated with HPR504 PR 
at 4000 rpm for 60 seconds. Following a softbake at 110 °C for 60 seconds on 
hotplate, we transfer the patterns of metal contact by the ASML-5000 i-line stepper. 
After the exposure, we develop the wafer by FHD-5 developer for 60 seconds, and 
then hardbake at 120 °C for 30 minutes in oven prior to the wet metal etching. We 
wet-etched the Al/Si on the wafer by a HsPO^CHsCOOILHNOs (100:10:1) solution 
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at 50 °C for 5-6 minutes. After the wet-etching, the wafer is dip in the Freckle etch 
solution for 2 minutes to remove the silicon residues left on the wafer. We then 
remove the resists by a MS2001 at 120 °C for 10 minutes. We finally perform FGA at 
4 0 0 � C for 30 minutes in order to achieve lower contact resistance. 
Figure 3.4.1 shows the schematics of the fabrication process flow. 
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Fig. 3.4.1 Schematics of the fabrication process flow for the silicon depletion-based 
modulator embedded with a vertical junction p+-p-n-n+ diode. 
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3.5 Experimental Results of the Fabricated Devices 
Figure 3.5.1 shows the top-view microscope image of the fabricated silicon 
depletion-based modulator with an asymmetric MZI (AMZI) structure on SOI. 
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Fig. 3.5.1 Top-view microscope image of the fabricated silicon depletion-based modulator 
with an asymmetric MZI structure on SOI. 
Our designed arm difference between the arms in the AMZI is 40 |_Lm, hence 
the free spectral range (FSR) is around 15 nm with group index rig of 4 in silicon 
waveguide. We employ AMZI as our optical structure because we can easily measure 
the refractive index change from the shifting of the null point in the transmission 
spectrum. The 1x2 splitter and 2x1 combiner used in the AMZI are 1x2 and 2x1 
multimode interference (MMI) splitter/combiner. In our mask layout, we employ 
various lengths of diode in both arms of the AMZL The lengths are from 500 [im to 
4000 i^m. The metal electrodes and oxide via are only defined in one arm of the 
AMZI for most of the cases. The electrodes are extended to a G-S-G pad for the RF 
probing. 
Figure 3.5.2 shows the cross-sectional SEM images of the fabricated 
waveguide and diode-embedded waveguide. The designed dimensions of the 
waveguide are 340 nm high, 500 nm wide and with a 140 nm thick slab. The designed 
separation between waveguide sidewall and oxide-via is 2 |j,m. The designed 
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separation between waveguide sidewall and metal electrode is 1 fim. The deposited 
oxide has not been removed this time for the SEMs. 
M m m H 
Fig. 3.5.2 (a) Cross-sectional SEM image of the fabricated waveguide..(b) Cross-sectional 
SEM image of the fabricated diode embedded waveguide. 
From figure 3.5.2 (a), the measured waveguide height is only around 280 nm, 
width is around 550 nm and the slab thickness is around 80 nm. The sidewall slope 
angle is around 70°. The measured height and slab thickness is 60 nm thinner from 
our design. The sidewall slope angle is even worse than the results of our previous 
device discussed in chapter 2. We attribute the deviation to a fabrication error due to 
plasma cleaning in the process step 2, in which a SFe gas is mixed with oxygen in the 
oxygen cleaning for 5 minutes. The SFe gas can etch silicon even in a small amount. 
The fabrication error also leads to the poor sidewall slope angle, as during the oxygen 
cleaning no resists is used as a mask. Actually, we are aware of the problems after the 
process as the color of the SOI wafer is changed. We experimentally evaluate the etch 
depth using in the same recipe by a bulk silicon wafer and subsequently increase the 
sacrificial oxide thickness in the following process. However, the values measured in 
the SEM far exceed our expectation and possibly become the main reason for the 
device failure. 
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From figure 3.5.2 (b), the oxide via is around 1.4 )am away from the 
waveguide sidewall. The metal electrode is also around 1.4 fim away from the 
waveguide sidewall. Both results are consistent with the isotropic etching of 600 nm 
thick oxide and 800 nm thick Al/Si. The sidewall slope of the oxide is around 50° as 
wet etching has been used. However the SEM image indicates that the device loss 
should not be contributed by the metal absorption of the electrodes. 
Figure 3.5.3 shows the measured IV characteristic of the fabricated silicon 
depletion-based modulator with a 1.5 mm long phase shifter. The results are measured 
by connecting the G-S RF probe to the HP 4145B semiconductor parameter analyzer 
through a BNC cable to ensure small resistance attributed by the setup. The measured 
current limitation of the analyzer is set to 10 mA. The turn-on voltage of the p十-p-n-n+ 
diode is around 0.9 V. The turn-on resistance is around 30 Q. The IV characteristic of 
the device shows typical diode response with low turn-on voltage and low contact 
resistance. The results indicate a good fabrication processes for the p+ and n+ ion 
implantation, the oxide via and the metal contact layers. However, the turn-on 
resistance here is 12 Q higher than our previously fabricated device (figure 2.3.5), the 
turn-on voltage also has 0.1 V smaller than in our previous device, which may be 
contributed by the lower doping concentrations of the p+ and n+ regions. 
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Fig. 3.5.3 Measured IV characteristic of the fabricated silicon depletion-based modulator 
embedded with a p+-p-n-n+ diode 
In optical testing, the setup is similar to the one reported in chapter 2. First, 
from our testing pattern we observe the grating coupler has a coupling efficiency of 
lower than 6 dB per each grating. The peak wavelength of the coupler is shifted to 
1510 nm. Both reduced coupling efficiency and shifted peak wavelength are not 
desired. We suppose the poor results are due to bad grating layer etching and the 
dimension deviation of the waveguide. Second, we also find high optical loss and 
unusual optical response for most of the devices on the chip. For example, we have 
more than 20 modulator design layouts with the same optical AMZI structure and 
slightly different diode structures, but only few of them provide reasonable response. 
The results are very inconsistent with our testing results for devices fabricated in NFF 
earlier (see chapter 2). We suppose the poor results are due to fabrication error in 
oxygen-cleaning process. Also, as the responses in various structures are similar 
among various dies across the wafer, we believe the masks used in the 
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photolithography may have some dimension errors compared to our designs, 
especially for the optical waveguide layer. Third, most of the devices gave fabry-perot 
responses. The fabry-perot responses in our devices limit our observation of null point 
shifting of the AMZI to deduce the refractive index changes. We suppose the poor 
results are due to fabrication error in oxygen cleaning also the error in fabricating 
grating couplers. 
Figure 3.5.4 shows the measured transmission spectrum of the diode-
embedded AMZI with 1.5 mm phase shifter without applied DC voltage (OV). The 
wavelength scan ranged from 1515 nm to 1560 nm. The resolution of the spectrum is 
0.05nm. The laser input power is around -3 dBm, 
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Fig. 3.5.4 Measured transmission spectrum of the diode-embedded AMZI with 1.5 mm phase 
shifter in waveguide with height of 340 nm without applied DC voltage (OV). 
From figure 3.5.4, the maximum output power from the device under test is 
around -35 dBm. With 12 dB coupling loss and around 1 dB loss in the setup, the loss 
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of the device is around 22 dB. The measured FSR of the AMZI is around 16 nm, 
which matches with our design. The FSR of the fabry-perot response is around 1 nm, 
which we to attribute back-reflection of the grating coupler. 
Figure 3.5.5 shows the measured transmission spectra of the diode-embedded 
AMZI with 1.5 mm phase shifter under various forward bias DC voltages. The device 
under test here has the same design structure as in figure 3.5.4 but on a different die. 
The output is normalized with the maximum power in each spectrum. The wavelength 
scan ranged from 1511 nm to 1550 nm. The resolution of the spectra is 0.05 run. 
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Fig. 3.5.5 Measured transmission spectra of the fabricated depletion-based modulator 
embedded with a p'-p-n-n 丨 diode in waveguide with height of 340 nm under various forward 
bias DC voltages. 
The null point of the AMZI response is shifted towards shorter wavelength 
upon forward-bias voltage of 0.8 V, which is an evidence of modulation caused by 
carrier injection. Upon forward bias voltage of 1.0 V, however, no null point from the 
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AMZI response has been observed in the spectrum. Because the diode is already turn-
on at l.OV, large amount of free carriers are injected into the waveguide region 
embedded with the 1.5 mm long phase shifter to attenuate the signal. 
Figure 3.5.6 shows the measured transmission spectra of the diode-embedded 
AMZI with the 1.5 mm phase shifter under various reverse bias DC voltages. The 
device under test here is the same as that in figure 3.5.5. The output is normalized 
with the maximum power in each spectrum. The wavelength scan ranged from 1511 
nm to 1550 nm. The resolution of the spectra is 0.05 nm. 
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Fig. 3.5.6 Measured transmission spectra of the fabricated depletion-based modulator 
embedded with a p+-p-n-n+ diode in waveguide with height of 340 nm under various reverse-
bias DC voltages. 
From figure 3.5.6, we cannot observe any shift of the null point when the 
reverse-bias voltage across the modulator is up to 5 V, which indicates very little 
amount (if not none) of free carriers have been depleted inside the waveguide core. 
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As our device shows good IV characteristics and demonstrates the carrier-
injection-based modulation, the process steps on p+ and n+ ion implantation, oxide via 
and metal contact layers should be fine and do not influence the device performance. 
We suspect there are two reasons for no effect of carrier-depletion has been observed: 
(1) the ion implantation of the moderately p-doped and n-doped regions were not 
controlled well (2) the waveguide dimension has been hugely changed by fabrication 
error. The above two reasons are expected not to affect the modulation by carrier-
injection significantly as the control of moderately p-doped and n-doped regions are 
not crucial in carrier-injection-based modulation and there are. still 80 nm slab 
thickness for the electrical path for carrier-injection from the p+- and n+- regions. Our 
results also suggest that the depletion-based modulator is more sensitive to fabrication 
error than the injection-based modulator. 
As the ion implantation processes for the p-doped and n-doped regions inside 
the waveguide are extremely crucial for the device performance, the device can easily 
become failure if a different implant energy or dosage has been employed. On the 
other hand, the waveguide dimension has been hugely changed by 60 nm thinner. 
Even if we used a 15 nm thicker sacrificial oxide in the following process, there can 
be around 45 nm difference of the p-n junction in the waveguide with our design. By 
considering our depletion width in the p-doped region is only 40 nm or less, the huge 
different waveguide dimension can lead to totally different device response. 
We describe in following the preliminary experimental results of the vertical 
junction p-n diode embedded in 220 nm high waveguide device that fabricated in a 
CMOS compatible foundry service by IME, Singapore [69]. The device is fabricated 
by a fully-CMOS compatible>process with similar process described in section 3.4, 
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except that all the patterns are defined by the deep-ultraviolet (DUV) 
photolithography with 248 nm exposure wavelength. 
Figure 3.5.7 shows the measured transmission spectra of the diode-embedded 
AMZI with the 2 mm phase shifter under various reverse-bias DC voltages from 0 V 
to 5 V. The wavelength scan ranged from 1530 nm to 1570 nm. The resolution of the 
spectra is 0.1 nm. The laser input power is around -2.5 dBm. 
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Fig. 3.5.7 Measured transmission spectra of the fabricated depletion-based modulator 
embedded with a p+-p-n-n+ diode in waveguide with height of 220 nm under various reverse-
bias DC voltages. 
From figure 3.5.7, the maximum output power from the device under test is 
around -20 dBm. With around 10 dB coupling loss and around 1 dB loss in the setup, 
the insertion loss of the device is around 11.5 dB. The measured FSR of the AMZI is 
around 15 nm, which matches with our design 40 ^m arm difference between the 
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arms in the AMZI. At reverse-bias voltage of 5 V, the null point in the transmission 
spectrum is shifted to the longer wavelength of around 5.9 nm, which corresponds to 
an effective refractive index change of around 3 x lO—l Thus the V^L of this device is 
around 1.3 Vcm. At wavelength of 1556.8 nm, the DC extinction ratio is around 16 
dB at reverse-bias voltage of 5 V. The output power is -21.5 dBm, correspond to an 
insertion loss of around 13 dB. The experiments on high-speed electrical response of 
the device are still undergoing. 
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3.6 T-Rail Travellim-Wave Electrodes 
In this section, we present the design principle and proposed a T-rail 
capacitive-loaded travelling-wave electrode (TWE) [61] in order to achieve high-
speed modulation and high-extinction-ratio simultaneously. 
Just like in the diode designs, there are also three major requirements in the 
design of TWE. They are all aimed at increase the electrical bandwidth (thus speed) 
of the optical modulator. The requirements are: (1) impedance matching (2) 
microwave velocity and optical group velocity matching and (3) RF loss reduction. 
3.6.1 The Limiting Factors to the Speed of Depletion-based Modulators 
There are several factors limiting the electrical bandwidth (speed) of the 
depletion based modulator. The carrier depletion based modulator has carrier transit 
time less than 10 picoseconds [27], which correspond to an electrical bandwidth of 
around 100 GHz. The electrical bandwidth is further limited by the RC time constant 
by the capacitance and series resistance in the p-n diode. Depending on the p-n diode 
design, the magnitudes of the diode capacitance can range from 0.2 fF/|.im to 0.8 
fl7|.im [31, 35]. The series resistance of the diode can be around 5 kH pjn [35], 
resulting in a device RC bandwidth of around 30 GHz. However, in the RF system, 
the power supply and load also have impedance of 50 Q. We assume a 3mm long 
phase shifter used in the depletion-based modulator, the diode capacitances thus 
translate to a 3dB RC bandwidth of around few GHz. In microwave system, the loss 
of microwave waveguide (electrode) would attenuate the microware drive signals, 
thus results in a decrease of optical modulation depth, which becomes another 
bandwidth limitation. The velocities mismatch between microwave and optical wave 
also results in bandwidth limitation. In the case of silicon modulators, the group index 
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Hg is around 4 in silicon waveguides while the microwave index n^ (describe the 
velocity of microwave signal as velocity = c/n^) is around 2.5 on a silicon substrate 
[63]. Even in a lossless transmission line, the large difference between n^ and rig limit 
the 3dB bandwidth to 17 GHz with a 5 mm long modulator [62]. From the above 
analysis, the primary limiting factor in the depletion-based modulator is the RC limit 
in the RF system. The secondary limiting factor is the microwave loss, the velocities 
mismatch and the device RC limit. The carrier transit time is the fundamental 
electrical bandwidth limit of the depletion-based modulator. In addition, the photon 
cavity lifetime limits the bandwidth to around few tens of GHz in resonator-based 
modulators. 
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Fig. 3.6.1 Schematic of the limiting factors on the speed of depletion-based modulators. 
To reduce capacitance, it is possible to use shorter phase shifter but this will 
be at the cost of decreasing the modulation depth (in the MZI based modulator). 
Another option is using resonator-based optical structure such as microring resonator 
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[25]. The resonators have typical required phase shifter length of less than 100 fim， 
and thus the speed is no longer limited by the RC time constant (but may be limited 
by the photon cavity lifetime in the resonator). The disadvantage of using a resonator 
structure is the narrow optical bandwidth of around 0.1 nm [25]. 
Because the RC limit is the major limiting factor of the speed (and extinction 
ratio) of the depletion-based modulator, we then employ a travelling-wave electrode 
structure to overcome this limit. Our design method is based on basic microwave 
circuit theory. However, the calculated results from such a method have good 
agreement with the testing and simulation results used by commercial software [62]. 
3.6.2 The Design Principle of T-Rail Travelling-Wave Electrodes 
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Fig. 3.6.2. Top-view schematic of the T-rail T W E design 
Figure 3.6.2 shows the top-view schematic of the T-rail TWE. A T-rail TWE 
is formed by duplicating a segment of unloaded coplanar strip (CPS) with length of 八 
loaded with lumped capacitor with length of Icff. In the depletion-based modulator the 
lumped capacitor is mainly contributed by the waveguide-embedded vertical-junction 
p-n diode. The capacitive-loaded electrode scheme is used to cancel out the RC limit 
of the modulator. The dimensions of the T-rail waveguide determine the microwave 
velocity and the characteristic -impedance, and thus govern the highest bandwidth of 
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the modulator. We discuss our design principle of the T-rail TWE in order to 
determine the dimensions of the T-rail TWE in this section. 
Figure 3.6.3 (a) shows the top-view schematic of the unloaded CPS. Figure 
3.6.3 (b) shows the cross-sectional schematic of the unloaded CPS. Figure 3.6.3 (c) 
shows the cross-sectional schematic of the E-field distribution of the CPS [67]. Figure 
3.6.3 (d) shows the equivalent transmission line circuit model of the unloaded CPS. 
Each section of transmission line with length of 八 can be modeled as a lumped-
element circuit, where Rq is the series resistance per unit length, Lq is the series 
inductance per unit length, Go is the shunt conductance per unit length, Co is the shunt 
capacitance per unit length. 
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Fig. 3.6.3. (a) Top-view schematic of the unloaded CPS. W is the width of the strips, S is the 
gap separation between the two strips, (b) Cross-sectional schematic of the unloaded CPS. H 
is the height of the substrate, T is the height of metal strips, 8r is the relative permittivity of 
the substrate, (c) Cross-sectional schematic of the E-field distribution of the CPS. (d) 
Equivalent transmission line circuit model of the unloaded CPS. 
In the microwave transmission line design, we can control the characteristic 
impedance of the CPS by controlling the width of the metal strip and the space 
between the two metal strips. Figure 3.6.4 shows the calculated characteristic 
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impedance of the CPS as a function of the gap separation by the empirical relationship 
[63]. We assume a 525 |im thick substrate with Sr of 11.9 (silicon). We set the strip 
width to be 120 fj,m. 
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Fig. 3.6.4 Calculated characteristic impedance as a function of the gap separation of CPS by 
the empirical relation. The substrate is assumed to be silicon with 525 |j.m thick. The strip 
widths are set to be 120 |j.m. 
In our design, we simplified the circuit model of the transmission line as a LC 
line. The hypothesis of the microwave transmission line into a simple LC line is 
correct in most cases as a typical microwave transmission line has low series 
resistance of the electrode and low shunt conductance between the ground and signal 
conductor. From the microwave circuit theory, the characteristic impedance Zq of the 
circuit can be expressed as: 
7 - ⑴乙0).. 5 n 6 n 
where co is the angular frequency. 
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The propagation constant y can be expressed as: 
7 = +j(joLQ)(iGo+ jcoCo) = a + y p ^JOJ^LQCO (3.6.2) 
where a is microwave attenuation constant, (3 is the microwave propagation constant. 
Hence, the microwave phase velocity Vphase and microwave index n^ can be 
derived as: 
二、二 = • (3.6.3) 
〜 = v ^ e = c 仏 CQ (3.6.4) 
where c is the speed of light in free space. 
We can obtain various characteristic impedance Zq by modifying the width 
and gap spacing of CPS. However, we are not able to change the microwave index of 
the CPS waveguide by modifying the design of CPS (the product of Lq and Co is 
nearly constant). The approximate microwave index of CPS waveguide is 
+ and in our design 8r is around 11.9 (silicon), thus the microwave index is 
around 2.5. The analysis suggests that an unloaded CPS can be designed to obtain 
impedance matching of the RF system, but it cannot provide the function of velocities 
matching. 
If we load the p-n diode along the CPS, an additional shunt capacitance per 
unit length C l is added to the circuit model. The characteristic impedance in the 
loaded CPS, defined as Zo，，can be expressed as: 
7 ‘ = jRo+jdiLo)~ � I Lq 
0 — y](GQ+Jco(C�+CL))�^JC0+CL ^ ^ 
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As from equation 3.6.5, the Zo' is different from the characteristic impedance 
of CPS waveguide Zo, the additional C l thus decreases the impedance of the loaded 
CPS when the dimensions of the CPS is remain unchanged (e.g. from 80 Q to 50 Q). 
Because of this reason, in order to fulfill the impedance matching condition (50n in 
common RF system) the design of the CPS width and gap spacing should have an 
impedance higher than 50 D. (e.g. SOQ) to achieve a final Zo’ of 50 
With the same approach to derive the microwave index in above for unloaded 
CPS waveguide, the microwave index for loaded CPS n^' is expressed as: 
n/= cVLo(Co + Q ) (3.6.6) 
From equation 3.6.6, it is obvious that the microwave index of the loaded CPS 
can be increased by adding a loaded shunt capacitance. As mentioned before, the Co 
and Lo are determined by the CPS dimension, and if we loaded the p-n diode into the 
CPS as a loaded CPS, the value of C l is similar to the value of capacitance per length 
Cp„ of p-n diode. In our vertical junction p-n diode design, the value of Cpn in our 
calculation is around 0.35 to 0.5 fF/jam (350 to 500 pF/m) upon reverse bias of 2.5 V, 
depending on the variations of the diode fabrication such as doping window, implant 
energy and dosage. In order to engineer the value C l to achieve both velocities and 
impedance matching, the T-rail TWE design is thus used. By changing the length of 
Icffof T-rail TWE, the value of C l can also be modified as: 
CL = (Cpn X le f f ) /A (3.6.7) 
The parasitic capacitance, which may come from the geometry of the electrode, 
also affect the magnitude of C l , however, we do not have accurate method to 
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determine it in the design stage as it is normally evaluated by the device testing after 
the fabrication. 
By equations 3.6.1 to 3.6.7, we can calculate the desired dimensions of the T-
rail TWE to achieve the impedance and velocities matching. First, multiply equation 
3.6.1 and equation 3.6.4, and multiply equation 3.6.5 and equation 3.6.6, we can 
express the value of Lq into Z。，n^ , Z。,，n^ ' and c as: 
Lo = = (3.6.8) 
c c 
Equation 3.6.8 provides the relation to design the dimensions of the unloaded 
CPS in T-rail TWE with Zo to achieve the final impedance of the T-rail TWE of SOQ. 
As our design targeted of is 4.0, with n^ is 2.5, Z。，should be 50 n and Zo of the 
CPS is around 80 f l . From figure 3.6.4, this corresponds to a CPS width W of 120 jam, 
gap S of 60 |im. Those values have been employ in our final design. Equation 3.6.8 
also gives the estimated inductance per unit length Lq of the electrode. The value of Lq 
is around 667 nH/m. 
Then by dividing equation 3.6.4 by equation 3.6.1, also by Zo = Zo'n^V n^, we 
can express the value of Co into Zo, n^, and c as: 
Co = (3.6.9) 
U CZo CZoTlf, ^ ) 
With n^ is 2.5, Zo is 80 f l , the capacitance per length of the electrode Co is 104 pF/m. 
Similarly, we divide the equation 3.6.6 by equation 3.6.5 and combine with 
equation 3.6.8 as: 
+ 二 法 (3.6.10) 
109 
C 广 一 Co 二 ^ ^ ^ (3.6.11) 
With IV is 2.5, Zq is 80 Q and Co is 104 pF/m，the value of C l should be 162.5 
pF/m. As we set the period of each T-rail session A to be 500 \xm, the corresponding 
LoA is 333 pH, CoA is 52 fF and C l A is 81 fF. By equation 3.6.7 and the values of 
Cp„ are from 350 pF/m to 500 pF/m, we find the corresponding effective lengths Wf 
are from 230 |am to 160 |am. In addition, as in the modulator designs, the T-rail TWE 
is actually located on a stack of SiOi and Si layer, we than assume that the microwave 
index of the CPS is slightly below 2.5. The changes of microwave index would 
change the corresponding values used in the equations above. We then re-calculate 
the dimensions of the T-rail TWE for every cases. We find that the width of strips W 
and gap S are nearly constant for a range of microwave index. The only value needs 
to be modified is the Icff. Figure 3.6.5 shows the required leff to achieve both velocity 
and impedance matching as a function of microwave index with various diode 
capacitance. 
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Fig. 3.6.5 Calculated required to achieve group velocity and impedance matching as a 
function of microwave index with various diode capacitance. ‘ 
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In our final designs, the width of strips W is set to be 120 [im, gap spacing 
between strips S is set to be 60 fim for all the designs. The period 八 is set to be 500 
|am. The values of Icff range from 100 |.im to 350 [im. The values are selected to 
compensate the various values of Cpn from simulations and parasitic. 
3.6.3 The Fabricated Devices 
The T-rail TWE designs are fabricated on the same SOI wafer with the 
processes described in section 3.4. 
Figure 3.6.6 shows the top-view microscope image of the fabricated T-rail 
TWE on the SOI wafer. 
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Fig. 3.6.6 Top-view microscope image of the fabricated T-rail TWE on SOL 
As discussed in section 3.5, our fabricated vertical-junction diode embedded 
depletion-based modulators are unable to provide response on carrier depletion-based 
modulation. We are still waiting for another set of devices fabricated by oversea 
foundry to evaluate the effect of our T-rail TWE design to the electrical bandwidth of 
the modulator. 
I l l 
3.7 Summary 
In summary, we proposed and fabricated a vertical-junction p-n diode to 
achieve high modulation efficiency, low insertion loss and high fabrication tolerance 
depletion-based modulator. Our modeling results show a highly efficient diode design 
with V^L of 0.9 Vcm in 220nm-height waveguide and 1.4 Vcm in 340nm-height 
waveguide. The device RC bandwidth of the modulator is over 50 GHz. The RC 
bandwidth of the modulator in a 50 Q RF system is around 4 GHz. We fabricated the 
device of 340nm-height waveguide by mix-and-match process of EBL and i-line 
photolithography. The fabricated device shows good electrical response for the p-n 
diode with low turn-on voltage and low turn-on (contact) resistance. The devices are 
capable to modulate the signal by carrier-injection under forward-bias. However, due 
to the fabrication errors during the processes, the devices are not capable to modulate 
the signal by carrier-depletion under reverse-bias. The preliminary experimental 
results on fabricated device of 220nm-height waveguide by IME foundry service 
show a measured V j^L as high as 1.3 Vcm and device insertion loss of 11.5 dB. The 
DC extinction ratio is 16 dB at reverse-bias voltage of 5 V. The state-of-the-art 
fabrication environment would help realize our proposed design to demonstrate a 
highly efficient, low-loss and high-fabrication tolerance silicon-depletion based 
modulator. We also proposed the design of a T-rail travelling wave electrode to 
achieve the impedance-matching and velocities-matching. The travelling-wave 
electrode hence can simultaneously provide high-speed modulation and large-
extinction-ratio. 
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Chapter 4: Conclusion and Future Work 
4.1 Conclusion 
In this thesis, we first, investigated the use of silicon-based modulators in 
analog optical links. We theoretically analyze the linearity of silicon depletion-based 
modulators and experimentally demonstrated a SSB-ROF signal generated by silicon 
injection-based microring modulators. Our work on linearity and ROF transmission 
suggested that silicon-based modulators have good potential to be used in analog 
optical links. We also proposed the design of a vertical-junction p-n diode for the 
silicon depletion based modulator. The new diode design has advantages of high 
efficiency, high fabrication tolerance and lower loss. In order to overcome the RC 
time limit, we designed a T-rail travelling-wave electrode (TWE) for the depletion-
based modulator. The TWE can also achieve the impedance and velocities matching 
to allow higher electrical bandwidth of the modulator. Our work on vertical-junction 
diode design and TWE for depletion-based modulators suggested that the 
performance of silicon depletion-based modulators can be further improved. This is 
important for the future optical communications and on-chip interconnect applications. 
4.1.1 Use of Silicon-based Modulators in Radio-over-fiber Optical Links 
We theoretically studied the linearity of silicon depletion-based modulators 
and experimentally demonstrated a radio-over-fiber (ROF) signal transmission in 
analog optical links by the use of silicon injection-based microring modulators. We 
found that the linearity of silicon depletion-based modulators is higher than LEO-
based modulator in MZI structure. The linearity is improved by the nonlinear 
response of refractive index change of free-carrier effect. We also showed that the 
linearity of silicon depletion-based modulators can be further improved by optimizing 
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the embedded diode structure with a larger intrinsic region. The largest improvement 
in SFDR was 5.9 dB in a MZI structure. On the experimental side, we experimentally 
demonstrated the generation of single-side-band (SSB) ROF signals by a silicon 
injection-based ring modulator, We also characterized the performance of microring 
modulated signal transmission with up to 100 km long single-mode fiber. The 
analytical and experimental results presented in this thesis shows that silicon based 
modulators have good potential to be used in analog optical links. As silicon 
depletion-based MZI modulators provide better linearity than LEO-based MZI 
modulator, silicon microring modulators provide an effective way to generate a SSB-
ROF signal through its narrow-band transmission characteristic. 
4.1.2 Novel Diode Structures and T-Rail Travelling-Wave Electrodes to Enhance 
the Performance of Depletion-based Modulators 
We designed, proposed and fabricated a vertical-junction p-n diode to achieve 
high modulation efficiency, low insertion loss and high fabrication tolerance in a 
depletion-based modulator. Our modeling results showed a highly efficient diode 
design with V^^ L of 0.9 Vcm in 220nm-height waveguide and 1.4 Vcm in 340nm-
height waveguide. The device RC bandwidth of the modulator was over 50 GHz. The 
RC bandwidth of the modulator in 50 Q RF system was around 4 GHz. In order to 
experimentally demonstrate our designs, we fabricated the device by mix-and-match 
process of EBL and i-line photolithography in MNF/CUHK and NFF/HKUST. The 
fabricated device showed good electrical response for the p-n diode with low turn-on 
voltage and low turn-on resistance. The preliminary experimental results suggested 
that the devices were capable to modulate the signal by carrier injection under 
forward bias. However, due to fabrication errors and facilities limitation during our 
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processes, the devices were not capable to modulate the signal by carrier depletion 
under reverse bias. The preliminary experimental results on fabricated device of 
220nm-height waveguide by IME foundry service show a measured V^L as high as 
1.3 Vcm and device insertion loss of 11.5 dB. The DC extinction ratio is 16 dB at 
reverse-bias voltage of 5 V. The state-of-the-art fabrication facilities would help 
realize our proposed design to demonstrate a highly efficient, low loss and high 
fabrication tolerance silicon depletion-based modulator. We also designed, proposed 
and fabricated a T-rail TWE to achieve the impedance matching and velocities 
matching. We presented the detailed design principles of the TWJE based on circuit 
theory. The travelling-wave electrode was aimed to simultaneously provide high 
speed modulation and large extinction ratio. 
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4.2 Future Work 
On the applications of silicon modulators in analog optical links, our analysis 
on the linearity of depletion-based modulators is mainly on numerical modeling due 
to unavailability of working device. Thus, we should test the linearity of a fabricated 
working depletion-based modulator to further compare with our results. As in our 
latest fabrication layout, we also designed minor variations on the diode structures. 
We can then compare the linearity on various diode structures to compare with our 
simulation results. On the other side, we can also perform more experiments of the 
system-level ROF signal transmission by using existing or fabricated silicon 
modulators. 
On the further optimization of efficiency by the vertical-junction diode design, 
we can use even smaller waveguide dimensions. In our pervious works, since by the 
consideration of easy fabrication of SOI with top silicon thickness of 340 nm and 220 
nm, we limited to design our diodes in a waveguide dimension of 340 nm and 220 nm 
height with 500 nm width. However, with our design principle described in chapter 3, 
the depletion region width is around 130 nm at doping concentrations of around 1 
xl0i8 /cm� . To increase the overlap between the optical mode profile and depletion 
region width, we can use a waveguide with height of 150 nm or less. A systematic 
analysis on the relation between the waveguide height and modulation efficiency 
should be studied to find out an optimum height as the evanescent field also increase 
as height decreases. 
On the work of depletion-based modulators, we can employ various novel 
photonic structures to enhance the performance of modulators. Our previous designs 
mainly focus on the MZI structures, we can employ either resonator-based structures 
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or photonic-crystal-based structures to improve the required footprint, energy per bit 
and drive voltage of the modulator. The footprint, energy and drive voltage are crucial 
for on-chip interconnect systems. In the energy performance of our proposed design, a 
systematic study on the relation between increased capacitance and energy required 
by our proposed vertical-junction p-n diode is needed. Furthermore, most of the 
current silicon modulators are based on amplitude modulation scheme, we can design 
a modulator to be used as a phase modulator to modulate DPSK or DQPSK signals. 
On the travelling-wave-electrode, we can further optimize the design 
parameters once the devices have been tested. As discussed in the previous section, as 
parasitic capacitances are hard to be predicted in the design stage, we should measure 
the parasitic components of the fabricated devices to further improve the designs of 
TWE. At the optimization stage, the microwave commercial design software, either 
ADS or HFSS, should be used in the modeling. On the other hand, our previous 
electrode design did not provide the function to minimize the microwave loss of 
electrode. In the further optimization stage, we can employ similar methods as in InP-
based modulators to use a thicker low-loss substrate below the metal electrodes. A 
thicker oxide may be a good option by considering the requirement of CMOS-
compatibility. 
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Appendix-A List of Symbols 
A amplitude 
c speed of light in free space 
Co shunt capacitance per unit length (of electrode) 
Q shunt capacitance per unit length (of load) 
e electron charge 
E electric field 
Go shunt conductance per unit length (of electrode) 
L() series inductance per unit length (of electrode) 
n^ group index (of optical wave) 
n‘i microwave index 
n^ i， microwave index (of loaded electrode) 
Na P doping (acceptor) concentration 
No n doping (donator) concentration 
Q quality factor 
Ro series resistance per unit length (of electrode) 
Vhi built-in voltage 
Vapp applied reverse bias 
Wi) depletion width 
Z(> characteristic impedance (of electrode) 
Z(j ‘ characteristic impedance (of loaded electrode) 
An refractive index changes 
Aria changes of refractive index resulting from electron concentration change 
/in/., changes of refractive index resulting from hole concentration change 
/INa free electron concentration change 
/lN/1 free hole concentration change 
J a absorption coefficient changes 
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Aa^ changes of absorption coefficient resulting from electron conc. change 
A a!, changes of absorption coefficient resulting from hole conc. change 
p propagation constant 
s„ permittivity of free space 
£,. relative permittivity 
A wavelength 
T coupling coefficient 
CO angular frequency 
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Appendix-B List of Abbreviations 
2RAMZI Two ring assisted Mach Zehnder interferometer 
3rd imd 3rd order intermodulation 
AM Amplitude modulation 
AMZI Asymmetric Mach Zehnder interferometer 
ASK Amplitude shift keying 
AWG Arrayed waveguide grating 
BER Bit error ratio 
BOE Buffered oxide etchant 
BOX Buried oxide 
BPF Band pass filter 
CATV Cable television 
CCD Charged coupled device 
CMOS Complementary metal-oxide-semiconductor 
CPS Coplanar strip 
DBR Distributed Bragg reflector 
DC Direct-current 
DPSK Differential phase shift keying 
DRIE Deep-reactive-ion-etching 
DFB Distributed feedback 
DWDM Dense wavelength division multiplexing 
EAM Electroabsorption modulator 
EBL Electronic beam lithography 
EDFA Erbium doped fiber amplifier 
ER Extinction ratio 
FEM Finite element method 
FM Frequency modulation 
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FSK Frequency shift keying 
FSR Free spectral r ange 
FWHM Full width at half maximum 
GS Ground-signal 
GSG Ground-signal-ground 
IC Integrated circuit 
ICP Inductively-coupled-plasma 
LEO Linear electro optic 
LR Long-reach 
LTO Low temperature oxide • 
MZI Mach Zehnder interferometer 
MQW Multiple quantum well 
NRZ Non-return-zero 
OCS Optical carrier suppress 
OEIC Optoelectronic integrated circuit 
OOK On off keying 
OSA Optical spectrum analyzer 
OSNR Optical signal to noise ratio 
PC Polarization controller 
PIC Photonic integrated circuit 
PM Phase modulation 
PR Photo resist 
PRBS Pseudorandom bit sequence 
PSK Phase shift keying 
QCSE Quantum-confined Stark effect 
RAMZI Ring assisted Mach Zehnder interferometer 






SEM Scanning electronic microscope 
SFDR Spurious free dynamic range 
SMF Single mode fiber 
SNR Signal to noise ratio 
SOA Semiconductor optical amplifier 
SOI Silicon on insulator 
SSB Single-sideband . 
TE Transverse-electric 
TWE Travelling wave electrode 
VCSEL Vertical cavity surface emitting laser 
WDM Wavelength division multiplexing 
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Appendix-C Principles of Various Optical Structures of Modulators 
Refer to table 1.5, there are two type of optical structures have been employed 
in the optical modulator: (1) Mach-Zehnder interferometer (MZI) and (2) optical 
resonator. The schematics of MZI and optical resonator are depicted in figure C.l . 
INPUT A r m l OUTPUT 
~~• r"iX2""] r"2Xi'"l — 
[_spjjuer j jCombineti 
A rm2 
Mach-Zehnder interferometer 
Bragg mi r ro r 
INPUT Z OUTPUT -
INPUT OUTPUT 
Fabry-Perot resonator Ring resonator 
Fig. C.l Schematics of Mach-Zehnder interferometer (MZI), Fabry-Perot (FP) resonator and 
ring resonator. 
The first type of widely used optical structure in optical modulator is MZI. A 
MZI based modulator uses an interferometer structure to convert the phase 
modulation of optical wave into intensity modulation. In the MZI structure, input 
optical wave split equally into isolated 2 paths by a beam splitter (e.g. 1X2 MMI or 
Y-branch), then pass through different arm finally combine together by a beam 
combiner (2X1 MMI or Y-branch). At the output combiner, interference occurs and 
the output intensity is determined by the phase difference between two arms. 
The phase of the optical wave for each arm at the combiner is calculated by: 
0 = 价 德 n ( C . l ) 
A 
123 
where (j) is the output phase of the optical wave at the combiner, L is length of the arm, 
X is the wavelength of the optical wave, rieff is the effective index of the waveguide, 
An is the changed of refractive index by modulation. 
Assume only arml has been modulated, and the length of two arms are same. 
Then the different of optical phase between two arms at the combiner becomes: 
A0 二 ^ ^ ^ (C.2) 
By equation C.2, if zl^is ti or -71, the optical waves at two arms are anti-phase, 
destructive interference occurs, corresponding to the off-state of modulator (0-level). 
And A (j) is 0, the optical waves at two arms are in-phase, constructive interference 
occurs, corresponding to the on-state of modulator (1-level). This is the basic 
operation principle of the MZI based modulator. 
Of course, one can also use 'push-pull' operation, which means 
simultaneously drive the arml and arm2, with one arm has positive An and another 
one has negative An, in order to achieve a total phase difference between two arm 却 
is between 0 to The push-pull operation has advantage of lower drive voltage, 
shorter required arm length and lower chirp compare with single arm drive. But it 
requires more complicated driving circuits or electrode design. 
The second type of widely used optical structure in optical modulator is 
resonator based structure. In resonator based structure, input optical wave is coupled 
to a resonator, which commonly can be Fabry-Perot or ring resonator. A waveguide 
based Fabry-Perot resonator typically consists of two parallel reflectors facing each 
other (e.g. Bragg mirror). A waveguide based ring resonator typically consists of a 
waveguide coupled to a closed loop waveguide in the shape of ring or racetrack. The 
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resonators behave as an interferometer and will be resonant for optical wave whose 
phase after each full trip around the resonator cavity is in-phase with the input light 
and constructive interference occur. 
Take an example for ring resonator, the resonant wavelength Xr is determined 
by the geometry of the resonator and effective refractive index as: 
Xr = (C.3) 
where R is the ring radius with circular ring, and m is an integer. 
From equation C.3, one can simply modulated the refractive n^jj in the 
resonator to change the resonant wavelength Xr thus the new resonant wavelength Xr2 
can shift to either longer (if rieffis increase) or shorter (if rief/is decrease) wavelength. 
The resonant wavelength Xr2 under modulation is: 
‘ 二 (C.4) 
where /In is the changed of refractive index by modulation. 
When the input optical carrier is initially probed at wavelength Xr (or Ar2), the 
intensity modulation of signal is achieved. The operation schematics of the resonator 
based modulators are depicted in figure C.2. 
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Fig. C.2 Schematics of the operation principle of resonator based modulators. In the Fabry-
Perot resonator, refractive index inside the resonant cavity has been decrease, leads to a blue 
shift of resonance spectrum. In the ring resonator, refractive index inside the ring cavity has 
been increase, leads to a red shift of resonance spectrum. Xr is the resonant wavelength, kyj is 
the resonant wavelength under modulation. 
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Appendix-D Modeling of Refractive Index Change by Free-Carrier 
Plasma Dispersion Effect 
We describes in chapter 1 the empirical relations of changes of refractive 
index (An) and absorption coefficient (Aa) in silicon at wavelength of 1.55 |im are 
described by equations 1.4.1 and 1.4.2. 
In order the model the changes of reflective index and absorption coefficient 
induced by free carrier effect, there are two set of data we need to know: (1) the 
exactly number of free electrons and free holes of silicon under different bias 
condition and (2) the optical mode field profile. 
As the total refractive index changes (and Aa) are governed by the overlap 
between the of optical mode and variation of refractive index, equation D.l gives the 
value of refractive index change by changing the free carrier densities: 
— / C Anfcy)/(x,y) dx dy 
〜广 i C K 幼 ( ) 
where I(x,y) is the intensity of the optical mode at x and y coordinates, An(x,y) is the 
changes of refractive index at x and y coordinates. 
Similarly, for the value of absorption coefficient change by changing the free 
carrier densities is 
Aa = / C 八 ， 就 ( D . 2 ) 
/Loo/(:^.y) dxdy 
where A a(x,y) is the changes of absorption coefficient at x and y coordinates. 
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The equation D.l and D.2 show the importance of the mode overlap in silicon 
modulator design based on carrier effect. We raise two different examples to explain 
the principle of this equation. 
First, assuming that the carrier densities changes are exactly the same in 
silicon, which means An(x,y) = constant for any x and y coordinates in silicon. There 
are evanescent fields penetrating into the cladding regions. Even in high index 
contrast silicon waveguide on SOI platform, the confinement factor (describe the 
portion of optical mode field inside the core material) is only around 0.7. This means 
that a 30% of optical field is outside the silicon core regions and falls into Si02 
regions in the SOI case. Certainly this 30% of optical field would not be modulated by 
the carrier effect in silicon because the field is located in Si02 which doesn't behave a 
carrier effect described in the equation 1.4.1 and 1.4.2. In this example, the An(x,y)= 
0 for X and y coordinates located in the silicon dioxide. 
The second example is that the carrier densities changes are non-uniform 
inside the silicon region. This is normally the case in depletion based and 
accumulation based modulator. For example, carrier depletion based silicon 
modulators are operated under reverse bias of the pn junction, in a typical modulated 
voltage of few volts, the depletion width is less than several hundred nanometer. It 
indicates the carrier densities variations (An) are only exist in a small depletion region. 
One may has different results if the depletion region is overlap with the core of 
waveguide or with the edge of waveguide, since the optical mode profile is more 
intensive in the core rather than the edge. Actually it is the basic idea to design a high 
efficient depletion type modulator by maximizing the spatial modal overlap between 
optical field and depletion region. 
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In our works, the exactly number of free electrons and free holes of silicon 
under different bias condition is obtained by the semiconductor simulation tools 
Athena and Atlas provided by SILVACO [51]. Where Athena is used to simulate the 
semiconductor processes and Atlas is used to simulate the semiconductor 
characteristics. The optical mode profile is obtained by BeamPROB provided by 
RSoft [64]. After extracting the 2D array profiles of free carrier distributions and 
optical mode field in Atlas and BeamPROB, the total refractive index changes (and 
Aa) in the silicon waveguide is then calculated by equation D.l (and equation D.2) in 
MATLAB [65] by finite element method (FEM). In addition, Atlas also provides the 
small signal characteristics of the electrical structures such as shunt capacitance, shunt 
conductance and carrier transit time. Finally, the flow chart of our methodology in 
simulation the refractive index changes in silicon modulator based on carrier effect is 
shown in figure D.l . 
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Fig. D. l Schematic of f low chart of the methodology in simulation the refractive index 
changes in free carrier effect based silicon modulator. The 2D array profile of free carrier 
distributions is obtained by Athena and Atlas, The 2D array profi le of optical mode filed is 
obtained by BeamPROB. The final refractive index and loss coefficient changes under 
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